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PREFACE 


The  symposium  entitled  "Infrared  Applications  of  Semiconductors — 
Materials,  Processing  and  Devices"  was  held  on  December  2-6,  1996,  in 
Boston,  Massachusetts,  as  Symposium  O  of  the  1996  MRS  Fall  Meeting,  and 
was  a  joint  session  with  the  1996  International  Conference  on  Electronic 
Materials.  The  symposium  focused  on  recent  investigations  based  on  III-V,  II- 
VI,  and  IV  bulk  semiconductors,  quantum  wells,  and  superlattices  for 
infrared  detectors,  emitters,  sources,  and  materials.  Internationally-known 
experts  in  the  subject  presented  86  oral  papers  covering  this  diverse  field. 
The  resulting  68  papers  published  in  this  proceedings  are  a  representative 
snapshot  of  the  fast-changing  field  of  novel  structures  and  processes  that  can 
be  used  to  achieve  high-performance  infrared  detectors,  imaging  arrays, 
infrared  lasers  and  sources. 


M.  Omar  Manasreh 
Thomas  H.  Myers 
Francois  H.  Julien 
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ABSTRACT 

Recently,  mid-infrared  diode  lasers  fabricated  from  the  antimonide-based  III-V  compounds 
have  been  receiving  increased  attention  for  potential  applications  in  trace  gas  detection, 
spectroscopy,  pollution  monitoring,  and  military  systems.  In  this  paper  we  will  report  the  growth, 
fabrication,  and  modeling  of  high  performance  diode  lasers  with  wavelengths  longer  than  3  p,m. 
Molecular  beam  epitaxy  (MBE)  has  been  employed  for  the  growth  of  these  Type-I,  strained 
quantum-well  (QW)  laser  structures  on  GaSb  and  InAs  substrates.  The  lasers  consist  of 
compressively  strained  InAsSb  wells,  tensile-strained  InAlAsSb  barriers,  and  lattice-matched 
AlAsSb  cladding  layers.  QW  lasers  grown  on  GaSb  substrates,  with  emission  wavelengths  of 
-3.9  [im,  have  operated  pulsed  up  to  165  K.  At  80  K,  cw  power  of  30  mW/Facet  has  been 
obtained.  Ridge-waveguide  lasers  have  operated  cw  up  to  128K.  QW  lasers  grown  on  InAs 
substrates  have  emission  wavelengths  between  3.2  and  3.55  (im.  Broad-stripe  lasers  on  InAs  have 
exhibited  cw  power  of  215  mW/facet  at  80  K,  pulsed  threshold  current  density  as  low  as  30  A/cm^ 
at  80  K,  characteristic  temperatures  (Tq)  between  30  and  40  K,  and  maximum  pulsed  operating 
temperature  of  225  K.  Ridge-waveguide  lasers  on  InAs  have  cw  threshold  current  of  12  mA  at 
100  K,  and  a  maximum  cw  operating  temperature  of  175  K.  In  this  paper  we  will  present  some  of 
the  key  issues  regarding  the  MBE  growth,  fabrication,  and  modeling  of  such  lasers  and  discuss 
future  directions  for  improved  device  performance. 

INTRODUCTION 

A  number  of  different  approaches  are  presently  being  investigated  with  the  goal  of  obtaining 
mid-infrared  (3-5  pm)  diode  lasers  that  are  capable  of  high-power  cw  operation  at  room 
temperature.  These  include  laser  stmctures  based  on  conventional  electron-hole  recombination  in 
quantum- well  (QW)  and  superlattice  active  regions  of  either  Type  I  [1]  or  Type  II  [2]  band 
alignment,  and  quantum  cascade  structures  which  are  based  on  unipolar  intersubband  transitions 
[3].  All  of  these  approaches  attempt  to  overcome  parasitic  effects,  such  as  nonradiative  Auger 
recombination,  that  are  increasingly  important  for  cw  room-temperature  operation  of  diode  lasers  at 
long  wavelengths.  Figure  1  presents  a  compilation  of  reported  experimental  results  for  cw 
operating  temperature  vs.  wavelength.  It  can  be  readily  seen  from  this  figure  that  it  is  increasingly 
difficult  to  obtain  high-temperature  cw  operation  as  the  emission  wavelength  is  increased  [4]. 
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Fig.  1.  Maximum  cw  operating  temperature  vs.  wavelength  for  a  variety  of  mid-infrared 
semiconductor  lasers.  The  dotted  line  indicates  the  lower  limit  for  thermoelectric  cooling. 
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In  this  paper,  we  describe  our  investigation  of  Type-I  strained  MQW  diode  lasers,  based  on 
active  regions  of  InAsSb  wells/InAlAsSb  barriers,  and  AlAsSb  cladding  layers,  grown  by  MBE  on 
both  GaSb  and  InAs  substrates.  These  laser  structures  are  grown  with  epitaxial  compositions 
adjusted  to  (a)  achieve  the  desired  strains  and  Type  I  band  alignments  in  the  active  region  materials, 
and  (b)  maintain  lattice  matching  of  the  cladding  layers  to  the  GaSb  and  InAs  substrates.  The 
reasons  for  investigating  such  QW  structures  on  the  two  different  substrates  will  be  explained  and 
the  differences  in  both  growth  of  the  various  epitaxial  layers  and  the  resultant  performance  of  diode 
lasers  will  be  discussed  below. 

EXPERIMENTAL  PRCKEDURE 

The  InAsSb  QW  lasers  were  grown  in  a  solid-source  EPl  Gen  II  3-inch  MBE  system, 
equipped  with  2  Sb4  sources,  an  EPI  valved  As  cracking  source  used  to  provide  As2  flux,  and 
conventional  ion  pumps.  GaSb  and  InAs  (100)  n-type  substrates  were  prepared  by  cither  (a) 
solvent  cleaning  and  chemical  etching,  followed  by  In-bonding  for  typical  substrate  material,  or  (b) 
directly  loaded  into  a  solderless  block  containing  an  AI2O3  backing  plate  for  2-inch  cpi-ready 
GaSb  and  InAs  substrates.  After  careful  UHV  outgassing  and  oxide  desorption  of  the  GaSb  and 
InAs  substrates  in  an  Sb4  or  Aso  flux,  respectively,  the  following  layers  were  grown  on  GaSb: 
n^’-GaSb  buffer,  n-AlAsQ  Q8Sl>p.92  lower  cladding,  MQW  active  region  consisting  of 
compressively  strained  InAsSb  wells  and  tensile-strained  InAlAsSb  barriers,  p-AlAsQ  08SlX).92 
upper  cladding,  and  p+-GaSb  cap  layer.  On  InAs,  an  n+-InAs  buffer  layer  was  grown  and  the 
cladding  composition  was  changed  to  the  lattice-matched  composition  of  AIAsq  j6Sbo.84.  The 
design  value  for  composition  of  the  quantum  wells  was  chosen  to  give  approximately  -0.5% 
compressive  strain,  with  composition  in  the  barriers  chosen  to  give  approximately  -0.25%  tensile 
strain,  and  the  well/barrier  thicknesses  were  chosen  to  produce  a  nominally  strain  balanced  active 
region.  Be  was  used  as  the  p-type  dopant  and  GaTe  was  the  source  for  Te  as  an  n-type  dopant  for 
all  epitaxial  layers.  Hall  measurements  of  all  nominally  undoped  InAsSb  and  InAlAsSb  layers 
grown  on  semi-insulating  GaAs  substrates  yielded  n-type  conductivity,  for  compositions 
appropriate  to  both  GaSb  and  InAs  substrates.  Since  the  active  regions  used  for  this  work  were 
nominally  undoped,  the  diode  p-n  junction  was  formed  at  the  active-layer/uppcr-cladding  interface. 
The  two  Sb4  effusion  cells  allowed  some  optimization  of  the  IIW  ratio  for  each  alloy,  when  used 
in  conjunction  with  the  valved  As2  source.  The  buffer  and  cladding  layers  were  grown  at  -0.8-0.9 
pm/h,  and  the  QW  active  regions  were  grown  at  slightly  lower  growth  rate.  The  substrate 
temperature  was  controlled  at  520‘C  for  the  lower  cladding,  410-430*C  for  the  QW  active  region, 
and  reduced  to  490‘C  for  the  upper  cladding  and  GaSb  cap  layer.  As  will  be  shown  below,  this 
reduction  in  upper  cladding  temperature  was  necess^  to  prevent  degradation  of  the  active  regions. 
As  previously  reported  [5],  the  necessity  of  precise  control  of  composition,  strain,  and  lattice 
parameter  required  a  number  of  test  growths  and  calibration  procedures  for  each  epitaxial  alloy  that 
was  used. 

After  dismounting  of  the  In-bonded  samples,  the  In-alloyed  region  on  the  back  side  of  the 
wafer  was  removed  by  etching,  making  sure  that  the  wafer  surface  was  protected  during  the 
etching  process.  Samples  grown  on  the  2-inch  epi-ready  substrates  did  not  require  this  additional 
step,  as  there  was  no  apparent  degradation  of  the  back  side  of  the  substrates  at  the  growth 
temperatures  used.  The  starting  surfaces  of  the  GaSb  and  InAs  substrates  were  characterized  by 
atomic  force  microscopy  (AFM),  and  the  epitaxial  layers  were  characterized  by  photoluminesccnce 
spectroscopy,  double-crystal  X-ray  diffraction  (DCXRD),  and  Auger  microprobc  chemical 
analysis.  The  complete  MBE-grown  laser  wafers  exhibited  excellent  surface  morphology,  and 
especially  for  the  epi-ready  InAs  substrates,  very  good  yields  of  laser  diodes,  with  consistent 
characteristics,  were  obtained  across  the  entire  2-inch  wafer. 

To  evaluate  laser  performance,  broad-stripe  lasers  100-250  \im  wide  were  fabricated  by 
using  Si02  patterning.  For  both  n  and  p  contacts,  nonalloy ed  Ti/Pt/Au  was  used. 
Ridge-waveguide  lasers,  8  |im  wide,  were  fabricated  from  some  wafers  using  reactive  ion  etching 
in  a  BCl3/Ar  plasma  to  define  the  ridges.  Lasers  were  mounted  junction-side  up  on  Cu  heat  sinks 
using  In,  and  loaded  into  a  dewar  for  low-temperature  I-V  and  L-I  measurements. 
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Because  of  the  desire  to  grow  complete  laser  structures  on  large-area,  nonbonded  substrates, 
the  starting  surface  of  a  number  commercial  epi-ready  InAs  and  GaSb  substrates  were  evaluated  by 
AFM.  Figure  2  shows  a  comparison  between  conventional  GaSb  and  InAs  substrate  surfaces,  and 
the  corresponding  epi-ready  surfaces,  with  the  samples  taken  directly  from  the  vendor's  packaging 
to  the  AFM  apparatus,  where  the  measurements  were  performed  in  air.  The  remarkable 
smoothness  of  the  epi-ready  InAs  surface  was  also  confirmed  by  a  comparison  of  reflection 
high-energy  electron  diffraction  images  obtained  before  oxide  desorption  in  the  growth  chamber. 
In  the  AFM  image  of  the  epi-ready  InAs  substrates  there  is  some  evidence  of  atomic  structure  on 
the  as-received  surface,  and  this  structure  was  determined  to  be  crystallographically  oriented  by 
AFM  scanning  in  different  directions.  The  GaSb  epi-ready  surface  quality  was  found  to  be 
somewhat  inferior  to  the  InAs,  with  no  evidence  of  atomic  structure.  Although  no  laser  structures 
have  yet  been  grown  on  the  epi-ready  GaSb,  initial  test  results  with  GaSb  homoepitaxial  layers 
yielded  good  surface  morphologies. 


Fig.  2.  Atomic  force  micrograph  of  conventional  and  epi-ready  substrates. 

A  key  reason  for  the  consideration  of  the  growth  of  strained  InAsSb/InAlAsSb  QW  active 
regions  on  InAs  substrates  is  the  presence  of  a  large  predicted  miscibility  gap  for  the  InAlAsSb 
barrier  material  [6].  As  shown  in  Fig.  3,  changing  from  GaSb  to  InAs  substrates  (a  lattice 
parameter  change  of  only  0.7%)  increases  the  predicted  region  of  stable  growth  for  InAlAsSb  from 
a  maximum  A1  content  of  less  than  6%  to  approximately  15%.  Increasing  the  A1  content  in  the 
InAlAsSb  barrier  material  is  important  to  improve  both  the  conduction  and  valence  band  offset  in 
the  active  region,  to  achieve  improved  carrier  confinement  and  enhanced  laser  performance  [6]. 

As  an  indication  of  the  quality  of  IuAsq  935Sbo.p65/Ino.85AJo.l5Aso  oSbo  i  strained 
MQWs  that  can  be  grown  on  InAs  substrates  by  MBE,  Fig.  4  shows  a  DCXRD  scan  of  a  10- well 
test  structure  grown  on  an  InAs  buffer  layer.  The  excellent  agreement  between  the  actual  DCXRD 
data  and  the  simulated  diffraction  curve  shows  high  structural  perfection  in  the  MQW  test  structure. 
For  these  QW  structures  the  best  results  were  obtained  with  an  As2  interruption  at  each  well/barrier 
interface.  Although  these  theoretical  predictions  of  regions  of  stability  of  the  barrier  alloy  are  only 
strictly  valid  for  equilibrium  growth  conditions,  our  experience  with  the  MBE  growth  of 
InAsSb/InAlAsSb  QWs  on  GaSb  substrates  has  confirmed  the  practical  difficulty  of  increasing  the 
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Fig.  3.  Calculated  alloy  stability  curves  for  In-Al-As-Sb  system  (from 
Ref.  6).  The  two  dotted  lines  represent  alloys  matched  to  GaSb  and  InAs. 
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Fig.  4.  DCXRD  scan  and  simulation  of  InAsSb/InAlAsSb  QW  test  structure  grown  on  InAs. 

A1  content  in  this  barrier  alloy,  while  still  maintaining  high-quality,  stable  QWs.  As  shown  in  Fig. 
5,  the  DCXRD  scan  from  a  MQW  structure  grown  on  GaSb  showed  significant  degradation  in  the 
interface  quality  of  the  active  region  when  the  upper  cladding  layer  was  deposited  at  an  elevated 
growth  temperature.  Even  for  the  more  stable  MQW  active  regions  grown  on  InAs,  some  interface 
degradation  was  observed  at  the  higher  temperatures  used  for  good  quality  upper  cladding  layer 
growth.  To  investigate  this  effect,  a  MQW  test  structure  on  InAs,  similar  to  that  in  Fig.  4,  was 
mmace  annealed  in  a  sealed  ampoule  containing  As  for  various  times,  and  DCXRD  scans  were 
taken  after  the  annealing.  Figure  6  shows  the  results  of  these  experiments,  where  annealing  at 
530*C  for  3  h  (a  typical  growth  time  for  the  upper  cladding)  completely  obliterated  the  satellite 
structure,  while  annealing  at  510*C  for  3  h  resulted  in  less  degradation  of  the  satellite  structure.  A 
growth  temperature  of  490*C  for  the  upper  cladding  on  both  (^b  and  InAs  substrates  was  chosen 
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Fig.  5.  DCXRD  scan  of  InAsSb/InAlAsSb  QW  structure  grown  on  GaSb. 


Fig.  6.  DCXRD  comparison  of  annealed  QW  test  structures:  (a)  control  sample, 

(b)  after  annealing  at  SIO^C  for  3  h,  and  (c)  after  annealing  at  for  3  h. 

as  a  reasonable  compromise  between  optimizing  upper  cladding  layer  electrical  and  optical  quality 
and  active  layer  degradation. 

While  the  use  of  InAs  substrates  permits  the  growth  of  high-quality,  stable  MQW  active 
regions,  the  growth  of  the  AIAsq  j^SbQ  34  lattice-matched  cladding  region  becomes  more 
difficult.  This  alloy  contains  ~2X  as  much  ^senic  as  was  the  case  for  the  lattice-matched  cladding 
alloy  grown  on  GaSb,  and  is  near  a  region  of  alloy  miscibility  [8].  In  spite  of  this  difficulty, 
high-quality  n-  and  p-type  AlAsSb  alloys  were  grown  on  InAs,  using  convention  MBE  growth 
techniques.  In  addition,  as  was  found  with  the  growth  on  similar  structures  on  GaSb,  the  transition 
from  Sb-dominated  growth  in  the  lower  cladding  to  As-dominated  growth  in  the  active  regions 
(and  the  reverse  transition  to  the  upper  cladding)  was  best  achieved  by  enhancing  Sb-like  interfaces 
and  suppression  of  As-like  interfaces  in  these  transition  regions.  This  observation  has  also  been 
reported  for  the  growth  of  InAs/AlSb  quantum  wells  [9]. 
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DEVICE  RESULTS 
InAsSb/InAlAsSb  QW  Lasers  on  GaSb 


The  active  region  of  the  laser  structure  on  GaSb  consisted  of  ten  15-nm  InAso  g5Sbo.is 
wells  and  eleven  30-nm  Ino.85Alo.i5Asp.86Sbo.14  barriers  with  3-iim  AlAso.O8SbQ.92 
cladding  layers.  In  order  to  reduce  the  additional  scries  resistance  due  to  internal  heterobamers, 
linearly  graded  layers  of  AlGaAsSb  were  inserted  between  the  n-buffer  and  n-cladding,  as  well  as 
between  the  p-cladding  and  the  p-cap  layers. 

Broad  stripe  lasers  100  pm  wide  were  fabricated  and  tested,  using  junction  side  up 
mounting.  Fig.  7  shows  a  plot  of  pulsed  Jth  for  a  1000-pm  cavity  length  QW  device  at 
temperatures  between  80  and  165K,  and  for  comparison,  data  from  our  bwt  doublc-hcterostructt^ 
device,  emitting  at  3.9  pm,  is  also  plotted  in  this  figure.  At  80K  the  value  of  Jqi  for  the  QW  device 
is  78A/cm^.  The  value  of  the  characteristic  temperature.  To  is  30K  (up  to  120K),  which  is  larger 


Fig.  7.  Pulsed  threshold  current  vs 
temperature  for  InAsSb/InAlAsSb  QW 
laser  and  InAsSb/AlAsSb  DH  lasers 
emitting  at  3.9  pm. 


than  the  20K  To  value  obtained  for  the  DH  laser  emitting  at  the  same  wavelength.  The  lower 
and  higher  To  values  obtained  for  the  QW  devices  indicate  that  Auger  recombination,  which  is 
believed  to  be  the  limiting  non-radiative  recombination  mechanism  for  such  long-wavelength 
lasers,  has  been  decreased  by  the  use  of  the  strained  QW  active  region.  At  the  maximum  pulsed 
operating  temperature,  the  value  of  Jth  is  3.5  kA/cm^.  Figure  8  shows  the  cw  power  vs  current  for 
the  same  device.  The  maximum  cw  power  at  80K  is  30  mW/facct,  which  is  significantly  higher 
than  the  DH  lasers.  The  highest  cw  operating  temperature  is  123K,  which  is  also  significantly 
higher  than  the  best  value  of  105K  obtained  for  60-pm-wide  DH  devices  mounted  junction-side 
down.  Ridge- waveguide  lasers  15  pm  wide  were  also  fabricated  and  tested.  Figure  9  shows  the 
cw  operation  of  a  1000-pm-long  device  at  several  temperatures.  At  80K,  the  cw  threshold  current 
is  35  mA  and  the  maximum  cw  operating  temperature  is  128K. 


Fig.  8.  CW  output  power  vs  current  of 
InAsSb/InAlA^b  broad-area  QW  laser 
on  GaSb. 
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Fig.  9,  CW  power  vs.  current 
of  InAsSb/InAlAsSb  ridge- 
waveguide  laser  on  GaSb. 


InAsSb/InAlAsSb  OW  Lasers  on  InAs 

Broad-stripe  diode  lasers  fabricated  from  these  structures  and  showed  emission  near  3.4  pm, 
with  pulsed  current  density  as  low  as  30  A/cm^  at  80  K,  and  characteristic  temperatures  in  the 
range  30-40  K.  By  measuring  devices  with  cavity  lengths  of  500,  1000  and  1500  pm  the  internal 
quantum  efficiency  and  internal  loss  coefficient  are  estimated  to  be  63%  and  9  cm’l,  respectively. 
Figure  10  shows  the  cw  power  vs  current  of  a  1500-pm  device  at  several  temperatures.  At  80  K 


Fig.  10.  CW  output  power  vs 
current  for  InAsSb/InAlAsSb 
broad-area  QW  laser  on  InAs. 
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the  maximum  cw  output  power  is  215  mW/facet,  limited  by  junction  heating.  The  maximum  output 
power  decreases  with  temperature,  and  at  150  K  it  is  ~  35  mW/facet.  The  operating  voltage  at  the 
maximum  power  is  ~4  V  at  80  K.  This  surprisingly  large  operating  voltage  (more  than  10  times  the 
photon  energy)  is  caused  by  the  presence  of  large  internal  heterob^ers.  Unfortunately,  for  the 
structures  grown  on  InAs,  no  easily  graded  alloy  region  can  be  utilized,  although  superlattice  and 
binary  alloy  grading  regions  are  being  investigated.  Substantially  higher  output  power  would  be 
expected  if  these  large  operating  voltages  can  be  reduced  by  incor^rating  such  graded  regions  into 
the  laser  structure.  Lasers  with  different  active  layer  QW  structures  have  been  evaluated  and 
emission  wavelengths  at  80  K  of  3.21  to  3.38  pm  have  been  observed.  For  a  laser  with  80-K 
emission  at  3.21  pm,  emission  wavelength  vs  temperature  is  shown  in  Fig.  11.  At  low 
temperatures  the  wavelength  shifts  at  ~  1  nm/K,  gradually  increasing  to  -  2  nm/K  at  220  K. 
Ridge- waveguide  lasers  8  pm  wide  exhibited  CW  threshold  current  of  12  mA  at  100  K  and 
maximum  cw  operating  temperature  of  175  K. 


M  100  1W 

TEMPERATURE  (K) 

Fig.  1 1.  Emission  wavelength  vs  temperature  for  broad-area  QW  laser  on  InAs. 
LASER  MODELING  and  FUTURE  LASER  STRUCTURES 


An  important  issue  for  the  evolution  of  high-performance  mid-infrared  lasers  is  the 
development  of  credible  theoretical  models  which  can  be  effectively  utilized  to  both  predict 
performance  of  actual  laser  structures  and,  more  importantly,  help  design  improved  laser 
structures.  This  has  proven  to  be  a  challenging  task,  given  the  complexity  of  processes  such  as 
Auger  recombination  and  the  use  of  materials  whose  fundamental  properties  are  often  not  well 
known.  In  addition,  as  described  above,  practical  limitations  in  material  growth,  such  as  regions  of 
alloy  instability,  often  limit  the  optimization  of  potential  improved  QW  laser  structures. 

In  spite  of  these  limitations,  we  have  been  utilizing  a  multi-band  k*p  theoretical  model  [11], 
following  the  methodology  previously  reported  [1 1,12]  to  calculate  bandstructure  and  transition 
matrix  elements  for  a  number  of  QW  configurations.  These  calculations,  together  with  predictions 
of  carrier  occupation  probability  and  some  additional  simplifying  a^umptions,  can  be  used  to 
estimate  the  gain  and  spontaneous  emission  threshold  as  a  function  of  earner  density By 
combining  the  results  of  these  gain  calculations  with  estimates  of  Auger  coefficients  determined 
using  a  semi-classical  model  [13],  we  can  estimate  the  threshold  current  density  as  a  (unction  of 
temperature.  Figure  12  shows  a  comparison  of  our  theoretical  calculations  of  threshold  current 
density  with  actual  data  taken  from  one  of  our  3.4  pm  QW  lasers  grown  on  InAs.  The  excellent 
agreement  between  the  theory  and  experiment  give  us  confidence  that  our  theoretical  approach  may 
be  used  to  predict  the  performance  of  other  advanced  device  structures  that  we  are  currently 
investigating. 
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Fig.  12.  Comparison  of  theoretical 
and  experimental  data  for  threshold 
current  density  vs  temperature  of  an 
InAsSb/InAlAsSb  QW  laser  grown 
on  InAs. 


DISCUSSION 

Impressive  diode  laser  performance  has  been  obtained  at  3-4  pm  with  strained 
InAsSb/InAlAsSb  MQW  structures  grown  on  GaSb  and  InAs  substrates.  The  use  of  InAs 
substrates  has  enabled  the  growth  of  InAlAsSb  barriers  with  increased  A1  content,  which  in  turn 
lead  to  the  development  of  improved  QW  active  regions.  The  use  of  InAs  substrates,  however, 
further  complicated  the  growth  of  lattice-matched  AlAsSb  cladding  layers.  With  these  complex 
laser  structures,  careful  attention  to  growth  issues  such  as  strain  and  lattice  matching,  thermal 
effects,  and  chemistry  at  interfaces  is  required  for  optimum  performance.  Theoretical  models  are 
being  developed  in  an  attempt  to  help  predict  what  QW  laser  structures  will  achieve  improved 
performance. 

SUMMARY 

We  have  demonstrated  that  MBE  growth  on  GaSb  and  InAs  substrates  is  capable  of 
producing  high-performance  InAsSb/InAlAsSb  Type-I  QW  diode  lasers.  Further  optimization  of 
device  structures  should  lead  to  even  higher  performance  lasers. 
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HIGH  POWER  InAsSb/InAsSbP  LASER  DIODES  EMITTING  at 
3~5^m  RANGE 


M.  RAZEGHI 

J.  Diaz,  H.  J.  Yi,  D.  Wu,  B.  Lane,  A.  Rybaltowski,  Y.  Xiao,  H.  Jeon* 

Center  for  Quantum  Devices,  Northwestern  University,  Evanston,  Illinois  60208 

ABSTRACT 

We  report  metalorganic  chemical  vapor  deposition-grown  double  heterostructure 
and  multiple  quantum  well  InAsSb/InAsSbP  laser  diodes  emitting  at  3  to  4  pm  and 
light  emitting  diodes  up  to  5  pm.  Maximum  output  power  up  to  1  W  (from  two 
facets)  with  differential  efficiency  above  70  %  up  to  150  K  was  obtained  from  a 
MQW  laser  with  stripe  width  of  100  pm  and  cavity  length  of  700  pm  for  emitting 
wavelength  of  3.6  pm  at  90  K.  Maximum  operating  temperature  up  to  220  K  with 
threshold  current  density  of  40  A/cm^  at  78  K  were  achieved  from  the  double¬ 
heterostructure  lasers  emitting  at  3.2  pm.  The  far-field  beam  divergence  as  narrow 
as  24°  was  achieved  with  the  use  of  higher  energy  gap  barrier  layers,  i.e.,  lower 
effective  refractive  index,  in  MQW  active  region.  We  also  discuss  the  effect  of 
composition-fluctuation  in  the  InAsSb  active  region  on  the  gain  and  threshold 
current  of  the  lasers. 

INTRODUCTION 

Mid-infrared  laser  diodes  (X=  3  to  5  pm)  are  the  attractive  source  for  a  wide  range 
of  applications  ranging  from  chemical  spectroscopy,  free-space  and  optical  fiber 
communication.  The  first  mid-infrared  laser  operation  was  demonstrated  from  Pb-based 
TV-VT  semiconductor  lasers  *  and  the  room  temperature  operation  was  achieved  for 
PbSe/Pbi.xSrxSe  double  heterostructure  (DH)  lasers  at  emission  wavelength  4  to  5  pm  as 
early  as  in  1988  However,  the  Pb-salt  lasers  developed  to  date  have  been  shown 
problematic  in  achieving  high  power,  high  efficiency,  and/or  high  reliability.  These 
problems  presumably  originated  from  weak  bonding  characteristic  of  IV- VI  (rock-salt 
structure)  semiconductors,  resulting  in  poor  mechanical  strength  and  thermal  stability. 

A  number  of  III-V  semiconductor  alloys,  benefiting  from  stronger  covalent 
bonding  and  advanced  growth  and  device  processing  technology,  have  been  investigated 
as  alternatives.  The  III-V  ternary  InAsi.xSb*  is  a  suitable  material  for  the  high  power  mid- 
infrared  lasers  with  emission  wavelengths  of  3  to  5  pm  in  these  reasons.  Extensive 
research  has  been  aimed  to  the  realization  of  high  power,  room  temperature  operation  of 
the  lasers  based  on  InAsSb  However,  to  date  no  satisfactory  p^ormance  of  the  Sb- 
based  lasers  has  been  achieved.  The  major  problems  are  related  to  the  difficulty  of  growth 
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of  the  high*quaiity  cladding  and/or  barrier  layers  lattice  matched  to  InAsSb.  Initially  Al- 
based  hi^er  band  gap  materials  such  as  AlGaSb,  AllnSb  have  been  considered  for  the 
cladding  layers,  but  later  it  was  found  that  they  have  problems  related  to  unfovorable  type 
n  band  alignment  with  InAsSb  which  prevent  efficient  carrier  confinement. 

Unlike  Al-based  higher  band-gap  materials,  the  quaternary  InPAsSb  material 
system  provides  a  very  fovorable  condition  for  the  carrier  a^  optical  confinement  due  to 
its  fovorable  type-I  band  alignmem  and  lower  nSncdvt  index  of  the  higher  band  gap 
materials,  and  excellent  dopant  incorporation  thereby  providing  efficient  injection  and 
carriers  confinernem.  However,  like  other  Sb-based  alloys,  it  is  well  known  that  the 
InP(As)Sb  is  thennodynamically  unstable  at  typical  growth  temperatures.  Sringfellow  *, 
using  his  delta  lattice  theory  (DLT),  predicted  that  miscibility  gap  of  InAsi^iSbx  fi>r  growth 
temperature  T  ~  500  be  formed  between  x  =  0.02  to  0.98.  This  prediction  was 
later  found  to  be  overestimated  when  realistic  strain-stabilization  effects  related  to 
epitaxial  growth  are  considered  Nevertheless,  it  is  extremely  difficuh  to  grow  a  single 
phased  InPSb  system  due  to  spinodal  decomposition  rdated  to  its  thermally  or  unstable 
metastable  phase  *. 

After  several  years  extensive  research,  reasonably  high  quality  of  metastable 
quaternary  InPAsSb,  AUnAsSb  or  AlAsSb  have  been  grown  either  by  molecular  beam 
epitaxy  (MBE)  or  metalorganic  choiucal  vapor  dqx)ntion  (MOCVD).  However,  fix 
wavelength  longer  than  3  pm,  the  optical  propoties  of  the  devices  should  be  more 
improved  in  order  to  meet  the  requirements  of  various  applications.  To  date  optical  loss 
larger  than  20  cm*\  differential  efficiency  below  SO  %,  arid  optical  power  below  300  mW 
are  typically  obtained.  In  this  article,  we  present  the  recem  achieveniem  of  the  high- 
power  InAsSb/InAsSbP  double  heterostructure  and  multiple  quantum  well  laser  diodes 
grown  by  low-pressure  MOCVD  (LP-MOCVD)  for  emission  wavelengths  of  3  to  5  pm. 
LP-MOCVD-grown  InAsSb/  InPAsSb  DH  and  MQW  lasers  show  the  maxiinum  output 
power  (from  two  focets)  up  to  600  mW  and  1  W,  respectivdy,  with  differential  effide^ 
of  70%  to  90%  up  to  ISOK.  Maximum  operating  temperature  up  to  220K  with 
threshold  current  density  as  low  as  40  A/cm^  at  78  K  and  the  far-field  beam  divergence  as 
narrow  as  24**  are  obtained. 

The  dependence  of  on  cavity  length  (or  on  mirror  loss)  reveals  that  the  lasers 
have  strong  gain  saturation.  Based  on  the  recent  TEM  measurements,  we  have  modeled 
the  effect  of  inhomogeniety  of  the  composition  in  the  active  region.  This  model  is  shown 
to  explain  the  steep  increase  of  Jo,  on  the  increase  in  mirror  loss. 


FABRICATION  AND  EXPERIMENT 

Double-heterostructure  (DH)  and  MQW  InAsSbPAnAsSb/InAs  were 
grown  on  (100)  oriemed  Te-doped  InAs  substrate  by  LP-MOCVD  in  an  EMCORE 
MOCVD  reactor  at  a  pressure  of  60  Torr  and  a  temperature  of  490  X,  using 
trimethylindium  (TMIn),  trimethylantimony  (TMSb),  arsine  (AsHj)  and  phosphine  (PHj) 
for  the  group  III  and  V  sources,  ffiethylzinc  (DEZn)  and  tetraethlytin  (TESn)  for/>-  and  n- 
dopants,  respectively.  The  DH  structure  consists  of  a  1.0  pm-thick  undoped  ternary 
active  region  InAsSb  centered  between  two  1 .5  pm  -thick  InAsSbP  daddiqg  layers:  Sn- 
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doped  (10**  cm‘^)  and  Zn-doped  (10^*  cm'^),  respectively,  and  a  /?^-doped  InAs  cap  layer. 
The  active  region  of  the  MQW  lasers  consists  of  10  compressively  strained  quantum  wells 
of  InASxSbi-x  embedded  in  a  1  pm-thick  InAs  layer  which  is  surrounded  by  1.2  pm-thick 
/I-  and  /7-InAsxSbyPi.x-y  cladding  layers.  All  layers  except  for  the  compressively  strained 
InAsxSbi.x  layers  are  lattice-matched  to  the  «*-InAs  substrate.  Each  quantum  well  was 
nominally  100  A  thick  and  separated  by  500  A  InAs  barrier  layers. 

Broad-area  laser  diodes  with  a  stripe  width  of  100  pm  were  fabricated  using  lift¬ 
off  process,  in  which  the  p*-  InAs  cap  layer  is  etched  away  between  the  metal  contact 
stripes  composed  of  Ti/Pt/Au.  The  InAs  cap  layer  between  the  patterned  stripes  is 
chemical  etched  using  H2SO4:  H2O2:  H2O  in  order  to  localize  the  injection  current  in  the 
lateral  direction.  Thermal  treatment  of  the  p-  and  «-ohmic  contacts  are  performed  at 
temperatures  between  300  -  320  °C  to  obtain  low-resistance  of  0.2  Q  for  diodes  at  cavity 
length  of  700  pm  at  78  K.  After  ohmic  contact  deposition,  individual  diodes  were  cleaved 
and  mounted  p-side  up  on  copper  heatsinks  by  indium  bonding.  Uncoated  diodes  with 
cavity  length  varying  from  200  to  1200  pm  were  prepared.  Light-current  characteristics 
were  measured  in  both  continuous  wave  (CW)  and  pulse-mode  (pulse  width  4-7  ps, 
repetition  rate  200  Hz)  operations  with  lasers  mounted  inside  a  VPF  -100  Janis  cryostat 
with  temperature  varying  between  77  K  and  300  K  using  an  InSb  photodetector. 

RESULTS  AND  DISCUSSION 

InAsSb/InPAsSb  DH  lasers  at  3.2  pm 

Figure  1  shows  the  current-light  characteristics  of  the  InAsSb/InPAsSb  DH  lasers. 
Peak  output  powers  of  540  mW  and  240  mW  were  obtained  from  the  DH  lasers  at  pulsed 
mode  and  CW  operations,  respectively,  at  X,=  3.2  pm.  It  shows  no  significant  difference 
between  differential  efficiencies  rjd  in  CW  and  pulse  mode  operations  for  the  optical  power 
lower  than  230  mW.  Above  230  mW  a  very  strong  thermal-rollover  prevents  lasing  in  the 
CW  operation.  The  CW  thermal-rollover  is  not  irreversible  damage  of  the  devices,  as 
evidenced  by  the  fact  the  laser  characteristics  were  recovered  when  the  current  is  returned 
below  1.0  A.  The  differential  efficiency  rjd  for  this  wavelength  was  determined  by  to  be 
83  %,  with  PI  curve  showing  no  sign  of  any  nonlinearities  or  kinks.  The  maximum  power 
in  most  of  the  devices  was  limited  by  our  automated  current  driver.  The  laser  operated  up 
to  220  K  with  an  output  power  of  1  mW  (at  I  ~  9.5  A).  The  internal  loss  of  these 
InAsSb/InAsSbP  DH  lasers  is  determined  by  measuring  the  differential  quantum  efficiency 
of  the  diodes  at  several  cavity  lengths.  Figure  2  shows  the  measured  reciprocal  rjd  as 
function  of  cavity  length  indicating  the  optical  loss  of  3.3  cm*\  which  is  to  the  best  of  our 
knowledge  the  lowest  ever  reported  (Fig.  2). 


Ciimnt[A| 


Fig.  1.  P’l  curve  for  CW  and  pulse  mode  operatfons  of  InAsSb/InPAsSb  DH  lasers  (X-  3.2  pm) 


Fl|^  2  Dqxmdenoe  of  on  cavity  length  £  of 
InAsSb/InPAsSb  DH  lasers  (X-  3.2  pm) 


Flit  3  Dependence  of  on  reciprocal  cavity 
length  £  of  InAiSb/InPAsSb  DH  lasers  (X- 3.2  pm) 


The  dependence  of  Jo,  as  function  of  ininx>r  loss  a.  (-  ML,  L  is  cavity  lepgth) 
(Fig.  3)  shows  the  transparency  current  density  of  34  A/cm^  and  that  Ja  has  a  very  strong 
dependence  on  the  mirror  loss.  We  made  thmretical  models  to  explain  the  depoidence. 
The  dotted  line  represents  the  theoretical  result  when  the  InAsSb  active  layer  is  assumed 
to  form  a  single-phase  alloy  with  a  homogeneous  composition. ’’  A  standard  radiative 
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recombination  model  based  on  Kane’s  Hamiltonian  is  used  to  calculate  the  material  gain 
and  threshold  current  density  as  a  function  of  cavity  length/^  The  Auger  recombination 
and  minority-carrier  leakage  current  are  found  negligible  in  this  temperature  range  through 
both  a  recent  photoluminescence  experiment  and  our  calculation.  In  this  calculation,  it 
was  found  that  the  theoretical  Jth  does  not  significantly  depend  on  the  cavity  length  (Fig.  3 
dotted  line)  and  thus  cannot  explain  the  strong  cavity  length  dependence  of  Jth  observed 
in  our  experiment.  The  small  increase  of  the  theoretical  values  of  Jth  for  the  decrease  in 
cavity  length  (i.e.  an  increase  in  the  mirror  loss)  is  attributed  to  high  differential  gain  (a 
rapid  increase  of  material  gain  g  with  an  increase  of  carrier  density  n)  (See  Fig.  4  solid 
line). 

In  recent  TEM  measurements  on  InAsSb  and  InPSb  alloys,*  it  was  found  that  the 
alloys  are  not  stable  in  forming  a  single-phase  composition  as  consistent  with 
thermodynamic  calculation  that  predict  large  miscibility  gaps.*  This  led  us  to  consider  the 
effect  of  the  composition  inhomogeniety  in  InAsSb  active  layer  alloys  on  the  radiative 
recombination  model.  In  the  new  model,  we  assumed  that  alloys  have  several  phases  such 
as  ordered  and  disordered  structures  with  different  compositions  as  observed  in  TEM,* 
The  regions  with  different  compositions  have  different  energy  gaps,  and  therefore  have 
different  gain  spectrum  from  other  regions.  The  average  material  gain  spectrum  is 
obtained  by  summing  the  gain  spectra  fi'om  each  region  and  the  peak  gain  determined  as 
function  of  injection  current  (Fig.  4).  As  shown  in  Fig.  4,  compared  to  the  homogeneous 
composition  material  (solid  line),  the  differential  gain  {dgidn,  n  is  injection  carrier  density) 
of  the  inhomogeneous  composition  material  (dotted  line)  is  much  lower.  The  solid  line  in 
Fig.  3  represents  the  results  of  the  new  model.  A  strong  gain  saturation  in  the 
inhomogeneous  composition  material  results  in  rapid  increase  of  Jth  with  a  decree  of 
cavity  length,  as  consistent  with  experiment.  Due  to  unknown  material  parameters  of  the 
InAsSb  alloys,  only  qualitative  modeling  is  allowed,  resulting  in  some  discrepancy  shown 
in  Fig.  3.  Nevertheless,  the  above  results  indicate  that  the  inhomogeniety  of  the  material  is 
significant  and  may  be  the  governing  factor  that  inhibits  the  laser  operation  at  high 
temperature. 


Carrier  Deiwity  (X  10’ ^cm-’) 


Fig.  4.  Theoretical  curve  of  peak  gain  vs.  injection  Fig.  5.  P-1  curves  of  InAsSbAnAs/InPAsSb  MQW 
carrier  density  n  lasers  (X,=  3.6  pm)  for  T  =  78  to  155  K 
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InAsSb/InPAsSb  MQW  lasers  at  k'^ 


Figure  5  shows  P-l  curves  of  the  InAsSb/InPAsSb  MQW  Users  with  emission 
wavelength  of  3.6  measured  between  T  -  78  and  155  K.  The  difoential  efficiency 
remains  above  70  %  up  to  155  K.  Such  high  values  of  differential  efficiency  for  the  wide 
range  of  temperatures  up  to  155  K,  to  the  best  of  our  knowledge,  had  not  been  obtained 
from  lasers  based  on  conventional  inter-band  transition  for  X>  3.5  pm.  As  shown  in 
Fig.  6,  these  MQW  lasers  exhibited  multiple  longitudinai  modes  centeted  at  3.64  pm 
around  130  K.  The  most  striking  feature  of  Fig.  6  that  shows  emisiion  spectra  vs. 
operating  temperature,  is  that  the  spectrum  shows  two  types  of  temperature  dependence: 
the  peak  wavelength  shifts  to  longer  wavelengths  (red-shift)  below  130  K  with  a  tuning 
rate  of  0.6  nmffC,  while  above  130  K,  the  peak  wavelength  becomes  rapidly  shorter  as 
temperature  increases  with  the  tuning  rate  of  7  nm/K.  This  is  a  strong  indication  that 
below  130  K,  the  wavelength  is  determined  by  the  energy  gap  of  InAsSb  (energy  gaps 
narrow  with  the  increase  in  temperature)  while  above  130  the  carriers  band-filling 
determines  the  emission  wavelength. 
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Iff.  6.  Laser  emission  spectra  of  an  loAsSb/InAs/InPAsSb  MQW  laser  ( >.«  3.6  pm)  for  T  »  73  to  180  K 
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Maximum  output  power  (from  two  facets)  up  to  1  W  was  obtained  from  a  MQW 
laser  with  stripe  width  of  100  mm  and  cavity  length  of  700  mm  for  emitting  wavelength  of 
3  .65  mm  at  90  K  (Fig.  7).  The  output  power  is,  to  the  best  of  our  knowledge,  the  highest 
power  reported  from  laser  diodes  for  the  wavelength  range.  The  lasers  were  bonded  p- 
side-up  because  of  lack  of  available  current  confining  technologies  for  low  energy  gap 
materials.  Current  confinement  by  deposition  of  SiOj  layers  is  expected  to  enable  p-side 
X  _  down  bonding  and  consequently  even  higher-power  and/or  higher-temperature  operation. 

Far-field  beam  divergence’s  of  the  two  kinds  of  MQW  structures  (#135  and  #147) 
have  been  compared.  MQW  active  regions  of  the  both  structures  consist  of  the  same 
100  A-thick  InAsSb  quantum  wells  separated  by  400  A-thick  barrier  layers.  The  only 
difference  is  that  one  (#135)  employs  InAs  (A  =  3.0  |un)  while  the  other  (#147)  uses 
InPAsSb  (X  =  2.7  pm)  as  the  quantum-well  barrier  layers.  The  dotted  Une  and  the  solid 
line  in  Fig.  8  represent  the  far-field  patterns  of  #135  and  #147,  respectively.  The  noise¬ 
like  small  modulations  in  the  far-fidd  patterns  are  due  to  experimental  artifice  due  to 
interference  of  the  lasers  with  cryostat  windows.  The  far-field  beam  divergence  A0  is 
strongly  dependent  on  the  structure  as  shown  in  Fig.  8.  Much  narrower  A0  was  obtained 
from  #147  (24°)  than  for  #135  (  39°).  This  difference  can  be  explained  by  the  difference 
in  the  effective  refractive  index  Nr  of  the  MQW  active  re^ons;  the  higher  K  in  MQW 
active  region  of  #147  than  for  #135  (since  InPAsSb  barrier  layers  (#147)  has  lower  N 
than  InAs  barrier  layers  (#135)  )  makes  the  confinement  of  the  laser  emission  light  weaker, 
resulting  in  narrower  far-field  beam  divergence  of  #147  as  consistent  with  standard 
diffraction  theory. 


Fi*.  7.  P-J  curve  of  InAsSb/InAs/InPAsSb  MQW  Fig.  8.  Far-field  patteni  of  the  MQW  lasers, 
lasers  stwwing  1  W 
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InAsSb/InPAsSb  MQW  light  emitting  diodes  at  4  to  5  jum 

Light  sources  for  wavelengths  longer  than  4  ^tm  are  important  for  detection  of 
important  atmospheric  gases.  For  example,  H2O  and  €02,  CO  have  strong  absorption 
bands  between  4  to  5  pm  wavelength  range. We  have  extended  the  emission  wavelength 
by  increasing  Sb  composition  in  the  quantum  well.  The  resultant  increase  in  compressive 
strain  of  the  quantum  wells  makes  the  growth  of  high  quality  InAsSb  active  region 
difficult.  Nevertheless,  high  luminescence-efficiency  light  sources  were  grown.  Figures  9 
and  10  show  the  electroluminescence  spectra  of  primary  MQW  InAsSb/InAs/InPAsSb 
structures  with  emission  wavelengths  of  4. 2  and  5  pm,  respectively  with  maximum  powers 
of  around  1  pW.  Very  narrow  FWHM  of  1 1  meV  and  21  meV  were  obtained  at  78  K  for 
5  pm  and  4.5  pm,  respectively,  which  are  only  2  to  3  times  thermal  broadening 
(kT).  The  bright  and  narrow-width  electroluminescence  from  the  primary  MQW 
structures  for  beyond  4  pm  presents  the  promising  potentials  of  the  MOCVD-grown 
InAsSb/InPAsSb  heterostructures  for  the  mid-infrared  lasers  for  deep  mid-infrared  ranges. 


seoo  S«00  4000  4200  44O0  4000  4«00 

Wavelength  [nm] 


Wavelength  [nm] 


Fig.  9.  Electroluminescence  spectrum  of  an 
InAsSb/InAs  MQW  structure  with  center 
wavelength  4.5  pm 


Fig.  10.  Electroluminescence  spectrum  of  an 
InAsSb/InAs  MQW  structure  with  center 
wavelength  ?i=  5  pm 
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CONCLUSION 


In  this  article,  we  demonstrated  the  high  power,  high  temperature  operations  of  the 
MOCVD-grown  DH  and  MQW  lasers  based  on  InAsSb/InPAsSb/InAs  heterostructures 
for  the  emission  wavelengths  of  3  to  5  pm.  Maximum  power  up  to  1  W  has  been 
demonstrated  from  a  MQW  laser  with  differential  efficiency  over  70  %  up  to  150  K  for 
X  =  3.2  pm.  Comparison  of  the  measurement  on  dependence  of  Jth  on  mirror  loss  (~  \/L) 
with  the  theoretic^  calculation  indicates  that  the  inhomogeniety  may  be  responsible  for  the 
anomalous  cavity  length  (L)  dependence  of  Jth-  The  far-field  beam  divergence  as  narrow 
as  24°  is  achieved  with  the  use  of  higher  energy  gap  barrier  layers  (lower  effective 
refractive  index)  in  MQW  active  region.  Electroluminescence  for  emission  wavelengths 
up  to  5  pm  was  obtained.  The  bright  and  narrow-width  electroluminescence  from  the 
primary  MQW  structures  for  beyond  4  pm  presents  the  promising  potentials  of  the 
MOCVD-grown  InAsSbAnPAsSb  heterostructures  for  the  mid-infrared  lasers  for  deep 
mid-infrared  ranges. 


ACKNOWLEDGMENT 

We  would  like  to  acknowledge  the  permanent  encouragement  and  support  of  Dr. 
L.  N.  Durvasula  and  Dr,  H.  O.  Everitt.  H.  J.  would  like  to  acknowledge  the  support  of 


Korea  Science  and  Engineering  Foundation  through  Semiconductor  Physics  Research 
Center  at  Jeonbuk  National  University.  This  work  was  supported  by  DARPA/US  Army 
contract  D  AAH04-95 - 1  -043 . 

REFERENCES 


'  J.  N.  Walpole,  A.  R.  Calawa,  T.  C.  Hannan,  and  S.  H.  Groves,  Appl.  Phys.  Lett.  28, 552  (1976) 

^  B.  Spanger,  U.  Schiessl,  A.  Lambrecht,  H.  Bottner,  and  M.  Tacke,  Appl.  Phys.  Lett.  53,  2582  (1988);  Z. 
Shi,  M.  Tacke,  L.  Lambrecht,  and  H.  Bottner,  Appl.  Phys.  Lett.  66, 2537  (1995) 

^  H.  K.  Choi,  G.  W.  Turner,  M.  J.  Manfta,  and  M.  K.  Connors,  “175  K  continuous  wave  (^ration  of 
InAsSb/InAlAsSb  quantum  well  diode  lasers  emitting  at  3.5  pm”,  Appl.  Phys.  Lett.  68,  2936  (1996) 

^  S.  R.  Kurtz,  R.  N.  Biefeld,  A.  A.  Allerman,  A.  J.  Howard,  M.  H.  Crawford,  and  M.  W. 
Pelczynski,“Pseudomorphic  InAsSb  multiple  quantum  well  injection  laser  emitting  at  3.5  pm”,  Appl. 
Phys.  Lett.  68, 1332  (1996) 

®  A.  A.  Allerman,  R.  M.  Biefeld,  and  S.  R.  Kurtz,  Appl.  Phys.  Lett.  69, 465  (1996);  C.  A.  Wang,  K.  F. 
Jensen,  A.  C.  Jones,  and  H.  K.  Choi,  Appl.  Phys.  Lett.  68, 400  (1996) 

®  G.  B.  Stringfellow,  J.  Crystal  Growth  58, 194  (1982) 

’  F.  Glas,  J.  Appl  Phys.  62,  3201  (1987) 


21 


*  D.  M.  FoUstaedt,  R.  M.  Biefeld,  S.  R.  Kuitz,  and  K.  C.  Bauoom,  J.  Etoctfoo.  Mater.  24,  S19  (1995);  R. 
ML  Biefeld,  K.  C.  Baucom,  S.  R  Kurtz  and  D.  M.  FoUstaedt,  J.  Ciyst.  Growth  133, 38  (1993) 

’  H.  K.  Choi,  G.  W.  Turner,  and  Z.  L.  Liau,  Appl.  Phys.  Lett.  65, 2251  (1994) 

J.  Diaz,  H.  Yi.  A.  Rybaltowsld,  B.  Lane,  G.  Lukas,  D.  Wu,  S.  Kim,  M.  ErdUnann,  E.  Kass,  and  M. 
Razeghi,  “Aluminium  free  InAsSbP/InAsSh/InAs  laser  diodes  ( >.>■  3.2  ^m )  grown  by  low-pressure 
metalorganic  chemical  vapor  deposition“,  to  be  pubUshed  in  Ap|d.  Phys.  Lett 

"  D.  Wu,  E.  Kass,  J.  Diaz,  B.  Lane.  A.  Rybaltowski,  H.  J.  Yi,  and  M.  Razeghi,  “IttAsSbP/lnAsShUaAs 
diode  lasers  emitting  at  3.2  pm  pown  by  Metalorganic  chemical  vapor  depositron”,  to  be  puMidied  in 
IEEE  Photon.  Technol.  Lett. 

S.  Kim,  M.  Erdtmann,  D.  Wu,  E.  Kass,  R  Yi,  J.  Diaz,  and  M.  Raaxghi,  “Phototuminesceiice  study  of 
InAsSb/InAsSbP  heterostructures  grown  by  low-pressure  metalorganic  diemical  vapor  depositioo’*,  Appl. 
Phys.  Lett  69, 1614  (1996) 

B.  Lane,  D,  Wu.  R  Yi,  J.  Diaz,  A  Rybaltowid,  S.  Kim,  M.  Erdtmann,  R  Jeon,  and  M.  Razeghi,  “Study 
on  the  effects  of  minority  carrier  leakage  in  InAsSb/InPAsSb  double  beiet08tnictures“,  to  be  publidied  in 
Appl.  Phys.  Lett. 

B.  Lane,  D.  Wu,  A.  Rybaltowski.  R  Yi,  J.  Diaz,  and  M.  Raz^ii.  “Compressivly-strained  multiple 
quantum  weU  InAsSb  Uusers  emitting  at  3.6  pm  grown  by  mctal-organic  chemical  vapor  depoiitioo“,  to  be 
(Pushed  in  Appl.  Phys.  Lett. 

D.  Gershoni,  C.  H.  Henry,  and  G.  A.  Baraff,  IEEE  J.  (>iantum  Electron.  Qi:-29. 2433  (1993) 

Reisinger,  P.  Zory,  Jr.,  and  R  Waters,  IEEE  J.  (Quantum  Electron.  QE-23, 993  (1987) 

J.  Bulter,  J.  Zoroofrhi,  “Radiatimi  Fields  of  (3aAs-(AlGa)As  Ityectkm  Lasers",  IEEE  J.  (Juantum 
Electron.  QE-10, 809  (1974) 

Monroe  Schlessinger,  “Infrared  Technology  fiuidamentals”  (Marcel  Dddttr,  Inc.,  New  York,  1995) 


22 


NOVEL  MID-INFRARED  LASERS  WITH  COMPRESSIVELY  STRAINED  InAsSb 
ACTIVE  REGIONS 


S.  R.  Kurtz,  R.  M.  Biefeld,  and  A.  A.  Allerman 

Sandia  National  Laboratory,  Albuquerque,  New  Mexico,  87185,  USA 


ABSTRACT 


Mid-inftared  lasers  grown  by  MOCYD  with  AlAsSb  claddings  and  strained  InAsSb 
active  regions  are  reported.  A  3. 8-3.9  pm  injection  laser  with  a  pseudomorphic  InAsSb 
multiple  quantum  well  active  region  lased  at  210  K  under  pulsed  operation.  A  semi-metal 
layer  acts  as  an  internal  electron  source  for  the  injection  laser.  An  optically  pumped  laser  with 
an  InAsSb/InAsP  strained-layer  superlattice  active  region  was  demonstrated  at  3.7  pm,  240  K. 


INTRODUCTION 

Driven  by  chemical  sensing  and  infrared  countermeasure  applications,  several  mid- 
infraied  (2-6  pm)  diode  lasers  with  strained  InAsSb  active  regions  have  been  recently 
demonstrated.  Devices  with  AlAsSb  claddings  have  been  grown  by  molecular-beam 
epitaxy,[l,2]  and  metal  organic  chemical  vapor  deposition  (MOCVD)  lasep  with  higher  index, 
InPSb  claddings  have  also  been  reported.  [3,4]  Although  AlAsSb  claddings  provide  superior 
optical  confinement,  the  large  conduction  band  barriers  associated  with  AlAsSb  layers  can 
result  in  poor  electron  injection  and  high  tum-on  voltages.  Also,  due  to  lack  of  satisfactory 
aluminum  sources  and  residual  carbon  resulting  in  p-type  doping  of  AlSb  alloys,  MCXUVD 
growth  of  AlAsSb  injection  devices  had  not  been  reported.  In  this  paper,  we  r^ort  the  first 
MCXIVD  grown  lasers  with  AlAsSb  claddings.  First,  we  describe  an  electrically  injected 
device  which  utilizes  a  GaAsSb  (p)  /  InAs  (n)  heterojunction  to  form  an  internal,  semi-metal 
layer.  The  semi-metal  acts  as  an  internal  electron  source  which  can  eliminate  many  of  die 
problems  associated  with  electron  injection  in  these  devices,  and  this  novel  device  is  compatible 
with  MOCVD  materials  and  background  dopings.  Furthermore,  the  use  of  an  internal  electron 
source  enables  us  to  consider  alternative  laser  and  LED  designs  that  would  not  be  feasible  with 
conventional,  bipolar  devices.  Initial  results  for  an  optically  pumped  laser  with  an 
InAsSb/InAsP  strained-layer  superlattice  (SLS)  active  region  also  are  presented.  Due  to  a  large 
valence  band  offset,  the  light-heavy  hole  splitting  in  InAsSb/InAsP  SLSs  is  estimated  to  be  = 
80  meV,  and  Auger  recombination  should  be  further  reduced  in  this  active  region. 


SEMI-METAL  INJECTION  LASER  WITH  PSEUDOMORPHIC  InAsSb 
MULTIPLE  QUANTUM  WELL  ACTIVE  REGION 

The  band  alignments  [5]  for  the  MOCVD  grown,  injection  laser  are  shown  in  Figure  1.  As 
confirmed  by  x-ray  measurements,  both  the  claddings  and  active  region  of  the  laser  are  nominally 
lattice  matched  to  the  substrate.  Following  a  GaAsQo^Sbd  buffer,  a  2.5  micron  thick 
AIASq  i6Sb(jg4  cladding  is  grown  on  an  n-type,  InAs  substrate.  A  200A,  GaAs^  o^Sb^,,!  layer  lies 
between  the  bottom  cladding  and  a  0.6  pm  thick  InAs  active  region  containing  10,  pseudomorphic 
InAsoigSbpij  quantum  wells,  each  90A  thick.  A  2.5  pm  thick  AlASoigSb(,84  cladding  follow^  by 
a  200A,  GaAso  o^Sbo  ,1  contact  and  oxidation  barrier  layer  is  grown  on  top  of  the  active  region. 
AlAsSb  and  GaAsSb  alloys  have  p-type  background  doping  levels  of  «  10^^ /cm^,  estimated  frcwn 
Hall  measurements.  The  background  doping  of  the  InAs/InAsSb  active  region  is  n-type, «  10*^- 
10'®/cm^.  Details  of  the  MOCVD  growth  are  published  elsewhere. [6,7] 
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For  a  wide  range  of  Fermi  energies,  the  GaAsSb  (p)  /  InAs  (n)  heterojunction  is  a  semi- 
metal,  acting  as  a  souiWsink  for  electron-hole  pairs.  In  forward  bias  (shown  in  Fig.  1),  electrons 
are  generated  in  the  semi-metal  and  swept  into  the  active  region  to  recombine  with  holes  being 
injected  from  the  anode  (+).  The  hole  flux  is  replenished  by  holes  generated  in  the  semi-metid  and 
swept  away  from  the  active  region.  Only  hole  transport  is  observed  in  the  AlAsSb  claddings 
Qabeled  points  A  and  B  in  Fig.  1),  and  over  this  segment,  the  device  can  be  described  as  unipolar. 

Gain-guided,  stripe  lasers  were  fabricated  with  Ti/Au  metallizations.  The  facets  were 
uncoated.  Under  pulsed  operation,  lasing  was  observed  in  forward  bias  with  40xl(XX)  or  SOxldOO 
micnxi  stripes.  No  emission  occurred  under  reverse  bias.  Devices  were  tested  with  1()0  nsec 
pulse  widths  at  10  kHz  (().l  %  duty-cycle).  Several  longimdinal  modes  were  observed  in  the  3.8- 
3.9  pm  range,  shown  in  Figure  2  for  80  K  and  200  K  operation.  Characteristic  of  the 
pseudomorphic  InAsSb  lasers,  laser  emission  was  blue-shifted  by  «  20  meV  from  the  peak  of  the 
InAsSb  quantum  well  photoluminescnce,  [3]  and  consistent  with  the  selection  rule  for  the 
compressivcly  strained  InAsSb  quantum  well  electron  (ll/2,±l/2>)  -hole  (l3/2,±3/2>)  transition, 
laser  enussion  was  100%  TE  polarized.  The  lasers  displayed  sharp  tiueshold  current 
characteristics,  and  lasing  was  obs^ed  through  210  K.  (see  Figure  3)  Un^  pulsed  c^ieration, 
peak  power  levels  k  1  mW/facet  could  be  obtained.  A  characteristic  temperature  (T<^  in  the  30-40 
K  range  was  observed,  with  the  lower  value  (30  K)  being  misleading  due  to  degradation  of  the 
device  at  high  cunent  density. 

These  maximum  operating  tenq)erature  and  charactoistic  temperature  values  are 
comparable  to  the  highest  values  reported  to  date,  for  injectkxi  lasers  of  wavelength  with 
either  strained  InAsSb  or  InAs/GalnSb  active  regions.[2,3,8]  Previously,  a  bipolar  laser  widi 
a  similar,  pseudomorphic  InAsSb  multiple  quantum  wdl  active  region  di^layed  the  same 
characteristic  tanperature.[3]  We  believe  that  the  characteristic  tenperature  of  both  devices  is 
limited  by  design  of  the  active  region  and  the  resulting  Auger  rates.[3]  Unlike  bipolar  lasers, 
cw  operation  of  the  semi-metal  laser  has  not  yet  been  obs^ed.  At  threshold  and  lOOK,  we 
find  that  the  maximum  duration  of  the  semi-metal  laser  output  is  *  lO*’  sec,  with  a  conparaUe 
recovery  time.  If  the  device  is  driven  above  threshold  with  long  pulses,  lasing  ceases  and  a 
different,  low  intensity  etnission  spectrum  is  observed  which  indicates  extreme  band  bending 
arnl  depletion  of  the  semi-metal.  Due  to  capacitive  charging  within  the  device,  the  pulsed 
threshold  cuiront  of  the  semi-metal  laser  was  lOx  that  repeated  previously  fw  the 
pseudomcxphic,  bipolar  laser.  Lasing  pulse  duration,  duty-cycle,  threshold  current,  and  turn¬ 
on  voltage  of  tile  semi-metal  emitters  may  be  improved  with  modifications  in  diping  and 
heterojunction  design. 


OPTICALLY  PUMPED,  InAsSb/InAsP  SLS  ACTIVE  REGION  LASER 

To  further  reduce  Auger  recombination,  we  are  developing  lasers  with  InAsSb/InAsP  SLS 
active  regions.  Based  on  band  offsets  and  li^t-heavy  hole  splittings  measured  in  other  InAsSb 
heterostructures, [9, 10]  we  find  that  InAsSb/InAsP  SLSs  will  ochittit  large  electron  and  hetie 
confinement  energies,  and  light-heavy  hole  splittings  as  large  as  80  meV  should  be  easily  realized. 
(See  Figure  4)  We  construct^  a  InAsSb/InAsP  SLS  laser  similar  to  the  semi-metal  injection  laser 
described  previously,  exc^t  a  InAso.MSl\,  ,2^So.73Poj7  ( 80  A  /  80A)  SLS  was  substituted  in 
place  of  the  pseudomorphic  active  re^on.  ibe  unnecessary  carriers  in  tiie  cladding  layers  and  the 
semi-metal  layer  may  (XMitribute  loss  to  this  optically  pumped  device. 

The  InAsSl^nAsP  SLS  laser  was  punped  with  a  (^switched  Nd:YAG  (20  Hz,  10 
nsec  pulse),  and  emission  was  detected  with  an  FTIR  operated  in  a  sup-scan  mode.  Due  to 
the  low  rep-rate  of  the  pump,  the  resolution  of  the  experiment  was  2  cm  *.  Laser  emission 
was  observ^  from  cleaved  bars,  1(X)0  pm  wide.  A  sharp  lasing  threshold  and  pectxally 
narrowed  stimulated  emission  was  seen  from  80  K  through  240  K,  the  maximum  temperature 
where  lasing  occurred.  (See  Fig.  5  and  Fig.  6(a))  The  temperature  depen^nce  of  the 
threshold  is  well  described  by  a  characteristic  temperature,  Tq  =  32  K.  (Sec  Fig.  6(b)) 
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Figure  1  -  Heterojunction  band  alignments  for  the  MOCVD-grown,  injection  laser 
with  a  pseudomorphic  InAsSb  MQW  active  region.  Forward  bias  polarity  is 
indicated  in  the  figure. 


Figure  2  -  Injection  laser  emission  spectra  at  l.lxith  for  (a)  80K  and  (b)  200K. 
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Figure  3  -  (a)  Injection  laser  emission  intensity  versus  peak  current  for  various 
temperatures,  (b)  Pulsed  threshold  current  density  versus  temperature.  The  stripe 
dimensions  were  40x1000  urn. 
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Figure  4  -  Band  alignments  and  quantum  confinement  state  energies  (drawn  to 
scde)  for  an  InAso.85Sbo.15  /  In  Aso.7iPo.29  (10^  A  /  1(X)  A)  SLS.  The  estimated 
bandgap  of  the  unstrained,  MOCVD-grown  InAso.85Sbo.15  alloy  was  218  meV. 


Figure  5  -  Photoluminscence  and  optically  pumped  laser  emission  for  a 
device  with  an  InAso.88Sbo.l2  /  InAso.73Po.27  (80  A/  80  A)  active  region. 
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Figure  6  -  (a)  Peak  power  output  versus  temperature  and  pump  power  for  the 
InAsSb/InAsP  SLS  laser,  (b)  Threshold  pump  power  versus  temperature  for  the 
SLS  laser. 
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Unlike  the  pseudomorphic  devices,  laser  emission  occurs  near  the  peak  of  the  spontaneous 
emission,  indicated  by  the  photoluminescence  sprectrum  in  Fig.  5.  The  wavelength  of  the 
SLS  laser  shifts  from  3.5  |im  to  3.7  pm  due  to  the  decrease  in  bandgap  over  die  80-240K 
temperature  range.  Overall,  the  performance  (output  power,  threshold  power,  characteristic 
temperature,  maximum  temperature)  of  the  optically  pumped  type  I,  InAsSbAnAsP  SLS  laser 
is  comparable  to  that  initially  report^  for  a  4  pm,  InAs/GalnSb  type  II  laser  measured  under 
similar  conditions. [1 1] 


SUMMARY 

In  conclusion,  we  report  MOCVD  grown,  3.5-3.9  pm  lasers  with  AlAsSb  claddings  and 
strained  InAsSb  active  regions.  An  injection  device  utilizes  an  internal  semi-metal  electron  source, 
and  state-of-the-art  performance  is  obtained  under  pulsed  operation.  The  use  of  the  InAs/GaSb 
semi-metal  for  carrier  injection,  and  the  compatibility  of  the  semi-metal  widi  InAsSb  devices  is 
unique.  An  analogous  concept  is  being  explored  for  InAs/GalnSb  devices  where  an 
“InAs/AlSb/GalnSb  like”  tunnel-barrier  is  used  to  internally  generate  electron-hole  pairs  and 
achieve  multi-stage  or  “cascaded”  laser  operation.  [  12]  In  order  to  further  decrease  Auger 
recombination,  lasers  with  InAsSb/InAsP  SLS  active  region  are  being  developed,  and  an  optically 
pumped  device  is  reported.  Measured  under  pulsed,  low  rep-rate  conditions,  emission  was 
observed  at  3.8  p.m,  240  K  for  the  type  I  SLS  laser. 

We  thank  J.  A.  Bur  and  J.  Burkhart  for  technical  assistance.  This  work  was  supported 
by  the  U.S.  Dept,  of  Energy  under  contract  No.  DE-AC04-94AL85000. 
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ABSTRACT 

We  review  recent  applications  of  wavefunction  engineering  to  the  design  of  antimonide 
quantum  heterostructures  with  favorable  properties  for  infrared  devices.  Examples  include 
electro-optical  and  all-optical  modulators  based  on  T-L  intervalley  transfer,  type-II  quan¬ 
tum  well  lasers  with  enhanced  gain  per  injected  carrier,  and  type-II  interband  cascade  lasers 
predicted  to  combine  low  thresholds  and  high  output  powers. 

INTRODUCTION 

The  InAs/GaSb/AlSb  family  of  materials  is  particularly  well  suited  for  the  application 
of  “wavefunction  engineering”  concepts  to  the  design  of  new  types  of  optical  and  elec¬ 
tronic  devices.  In  antimonide-based  quantum  heterostructures,  a  diverse  array  of  key  band 
structure,  electronic,  and  optical  properties  may  be  flexibly  tailored  to  match  the  needs 
of  a  given  application. ^  In  fact,  one  may  specify  either  narrow-gap  or  wide- gap,  type-I  or 
type-II  band  alignment,  T-  or  L-point  conduction  band  minimum,  large  or  small  interband 
optical  matrix  elements,  large  or  small  intersubband  matrix  elements  at  normal  incidence, 
etc. 

This  paper  reviews  some  recent  theoretical  and  experimental  progress  toward  the  de¬ 
velopment  of  longwave  and  mid-wave  infrared  (LWIR  and  MWIR)  modulators  and  sources 
employing  antimonide-family  quantum  wells.  Section  2  will  consider  novel  electro-optical 
(EO)  and  all-optical  IR  modulator  concepts  based  on  the  transfer  of  electrons  from  T-valley 
states  to  L- valley  states  having  much  dilferent  optical  selection  rules  at  normal  incidence.  IR 
sources  based  on  type-II  quantum  wells  are  discussed  in  Section  3,  along  with  experimental 
results  displaying  the  first  MWIR  lasing  from  an  interband  semiconductor  device  operating 
at  or  above  room  temperature.  This  is  followed  in  Section  4  by  theoretical  projections 
for  the  type-II  interband  cascade  laser,  which  combines  advantages  of  both  conventional 
bipolar  interband  lasers  and  unipolar  intersubband-based  cascade  lasers. 

IR  MODULATORS 

Intersubband  interactions  in  quantum  wells  have  frequently  been  suggested  as  a  basis 
for  electro-optical  devices  operating  in  the  infrared. 2  But  despite  the  experimental  confir¬ 
mation  of  large  EO  coefficients,^  the  development  of  practical  IR  modulators  remains  at 
a  relatively  primitive  stage.  In  large  part  this  is  because  normal-incidence  intersubband 
interactions  are  forbidden  for  electrons  occupying  the  isotropic  conduction  band  minimum 
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at  the  center  of  the  Brillouin  zone  (the  V  point),  where  coupling  requires  a  component 
of  the  optical  electric  field  along  the  quantization  axis.  Fortunately,  this  polarization  se¬ 
lection  rule  breaks  down  if  the  electrons  populate  the  highly-anisotropic  L  or  X  valleys, 
as  long  as  the  symmetry  axes  of  the  elliptical  constant-energy  surfaces  are  tilted  with  re¬ 
spect  to  the  confinement  axis.'*  Normal-incidence  absorption  coefficients  of  up  to  10^  cm”' 
have  been  confirmed  by  experiments  on  antimonide-based  quantum  wells  with  L-vjdley 
conduction- band  minima.®’  Several  electro-optical  and  nonlinear  optical  devices  based 
on  the  L-valley  quantum  well  properties  have  been  proposed.*-  ®  lo 
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Figure  1.  F-point  (dashed)  and  L-point  (solid)  con¬ 
duction  band  profiles  and  quantized  energy  levels  for 
an  AlSb/GaSb/Gao.6  Alo.4Sb/Gao.75lno.25Sb/ AlSb 
asymmetric  double  quantum  well  at  an  applied  field 
of  -50  kV/cm. 


Figure  2.  F-point  and  L-point 
profiles  and  energy  levels  for 
an  AlSb/Gao,8oIiU).2oSb/AlSb  mul¬ 
tiple  quantum  well  at  zero  applied 
field  for  all-optical  limiting. 


Clearly,  one  approach  to  achieving  normal-incidence  EO  modulation  is  to  employ 
L-valley  rather  than  F-valley  intersubband  interactions  in  a  stepped  well  or  asymmet¬ 
ric  double  quantum  well  (ADQW)  structure  whose  transition  energies  can  be  shifted  by 
an  applied  voltage.®  However,  we  recently  showed  the  advantages  of  instead  inducing  a 
voltage-controlled  competition  between  F-valley  and  L-valley  states  having  nearly  the  same 
energy.io  A  typical  F-L  ADQW  EO  modulator  configuration  is  illustrated  in  Fig.  1,  which 
gives  the  F  and  L  band  edge  profiles  and  quantized  energy  levels  obtained  from  a  multi¬ 
band  finite-element  method  (FEM)  formalism.  The  key  feature  of  this  structure  is  that  an 
applied  electric  field  can  transfer  virtually  the  entire  electron  population  from  the  well  at 
right  whose  conduction-band  minimum  is  at  the  F-point  to  the  well  on  the  left  whose  min¬ 
imum  is  at  the  L-point.  This  transfer  occurs  rapidly  because  the  Gai_,Ala;Sb  barrier  layer 
separating  the  two  wells  is  thin  enough  to  permit  sub-nanosecond  interwell  tunneling  times 
following  reversal  of  the  applied  voltage  from  negative  (shown  in  the  figure)  to  positive, 
or  vice  versa.  Thus  by  varying  the  field,  one  can  radically  alter  the  polarization  selection 
rules,  optical  matrix  elements,  intersubband  resonance  energies,  and  the  in-plane  electron 
effective  mass.  The  latter  enables  strong  tuning  of  the  plasma  contribution  to  the  refractive 
index,  providing  an  attractive  non-resonant  mechanism  for  low-loss  phase  modulation.^o  In 
addition,  the  net  available  conduction-band  offset  between  GaSb  and  AlSb  is  large  enough 
that  the  same  basic  scheme  may  be  employed  for  EO  modulators  spanning  all  IR  wave- 
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lengths  between  1.5  and  20  fim.  A  first  experimental  demonstration  of  the  F-L  ADQW 
intensity  modulator  was  recently  reported  by  Du  et  alM 

A  similar  concept  may  be  used  to  achieve  all-optical  IR  intensity  limiting,  where  in  this 
case  the  F-L  electron  transfer  is  in  momentum-space  only.  The  required  structure  consists 
of  a  simple  Gai_a,Inj,Sb/AlSb  multiple  quantum  well  (MQW),  whose  F  and  L  band  profiles 
and  quantized  subband  minima  are  illustrated  in  Fig.  2.  The  structure  is  designed  such 
that  at  the  initial  lattice  temperature,  Tl,  nearly  all  of  the  electrons  occupy  states  in  the 
Fi  subband  for  which  normal-incidence  absorption  is  forbidden  in  lowest  order.  However, 
a  small  thermally-excited  Lj  population  exists,  which  weakly  absorbs  at  the  Li  -+  L2 
resonance  energy.  Considering  first  the  case  of  optical  pulses  short  enough  that  lattice 
heating  may  be  ignored,  the  initially- weak  absorption  adds  heat  to  the  free  carrier  system, 
whose  temperature  Tg  then  exceeds  Ti  by  an  amount  propoitional  to  the  excitation  intensity 
I.  As  a  consequence  of  the  increased  carrier  temperature,  a  larger  fraction  of  the  electrons 
become  thermally  excited  to  Li  states,  increasing  the  normal-incidence  absorption.  We 
will  model  this  optically-induced  opacity  below,  and  show  that  it  can  be  quite  effective  in 
limiting  the  intensity  of  a  transmitted  IR  beam. 

Although  one  can  calculate  the  normal-incidence  absorption  coefficient  theoretically 
from  first  principles, ^  in  order  to  ensure  the  reliability  of  the  present  analysis  we  have 
scaled  the  magnitude  to  the  data  of  Samoska  et  a/.®  The  observed  Lorentzian  broadening 
parameter  of  !=«  12  meV  for  %(^  fa  80  meV  is  assumed  to  increase  linearly  with  photon  energy 
and  as  the  square  root  with  doping  density  beyond  the  experimental  value  of  1.6  x  10^^  cm”^ 
per  period.  Energy  levels,  dispersion  relations,  wavefunctions,  and  optical  matrix  elements 
have  been  calculated  using  the  multi-band  FEM  k-P  formalism,  12  with  F- valley  states  being 
derived  from  the  full  8-band  calculation  and  L-valley  levels  from  a  1-band  version  using 
the  quantization  effective  masses.  Populations  of  the  various  subbands  are  then  derived 
using  a  statistical  calculation^  that  numerically  incorporates  the  FEM  results  for  the  F 
and  L  dispersion  relations.  The  high-temperature  thermal  redistribution  of  electrons  is 
significantly  enhanced  by  the  greater  density  of  states  at  L,  which  is  approximately  30 
times  that  at  F  due  to  the  4-fold  valley  degeneracy  and  the  much  larger  effective  masses 
along  both  transverse  and  longitudinal  axes.  Furthermore,  for  thin  AlSb  barriers  the  F- 
valley  effective  mass  is  also  very  light  along  the  growth  direction,  whereas  the  L-valley 
electrons  remain  nearly  dispersionless  in  that  dimension. 

As  an  example  we  consider  the  MQW  illustrated  in  Fig.  2,  assuming  a  doping  density 
oi  N  =  1.6  X  10^^  cm""^  per  well.  The  Fi  energy  minimum  lies  96  meV  below  the  Li  min¬ 
imum  for  this  structure  at  77  K,  and  the  Li  — >  L2  resonance  energy  is  125  meV  (A  =  9.9 
pirn).  Figure  3  plots  the  calculated  results  for  the  fraction  of  carriers  populating  each  of  the 
lowest  subbands  as  a  function  of  carrier  temperature.  At  Tg  =  Tjr,  =  77  K  only  1%  of  the 
electrons  are  in  the  Li  subband  (dash-dot  curve),  hence  the  peak  normal-incidence  absorp¬ 
tion  coefficient  is  <  600  cm“^  (solid  curve).  However,  with  increasing  electron  temperature 
the  fraction  of  electrons  occupying  Li  increases  rapidly,  reaching  nearly  60%  at  300  K. 
Thus  at  elevated  electron  temperatures  the  intersubband  absorption  becomes  quite  strong, 
e.g.,  4300  cm"^  at  Tg  =  300  K.  The  absorption  eventually  saturates  at  somewhat 

higher  carrier  temperatures  (>  500  K),  mostly  because  the  Li  population  saturates  as  it 
approaches  unity  but  also  because  an  increasing  fraction  of  the  L2  final  states  are  thermally 
populated  at  Tg. 

We  next  consider  the  relationship  between  the  carrier  heating  that  governs  the  increased 
opacity  and  the  optical  intensity.  The  magnitude  of  the  carrier  heating  is  obtained  by 
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balancing  the  rate  at  which  energy  is  added  to  the  electron  system  with  the  rate  at  which 
that  excess  energy  relaxes  back  to  the  lattice: 


A7;  = 


Ce 


(1) 


where  te  is  the  energy  relaxation  time  (taken  to  be  1  ps)  and  c*  is  the  electronic  specific  heat. 
For  a  single-component  2D  system  with  a  parabolic  effective  mass,  Cg  =  Nks  in  the  limit 
of  nondegenerate  statistics  and  Cg  =  ir'^NkgTefSEp  in  the  degenerate  limit  {Ef  >  ^rs^g), 
where  Ep  is  the  Fermi  energy  relative  to  the  bottom  of  the  band.  However,  since  we 
wish  to  consider  arbitrary  degeneracy  in  multi-subband  systems  with  nonparabolic  masses, 
the  electronic  specific  heat  has  instead  been  obtained  numerically  using  the  FEM  in-plane 
and  growth-direction  dispersion  relations  in  conjunction  with  the  statistical  calculation 
discussed  above.  By  performing  this  determination  self-consistently  with  Eq.  (1),  we  derive 
the  carrier  temperature,  and  from  that  the  induced  absorption  corresponding  to  a  given 
optical  intensity. 


r.(K) 


Figure  3.  Fraction  of  carriers  in  the  Fi ,  Li, 
and  L2  subbands  vs  carrier  temperature,  for 
the  MQW  from  Fig.  2  with  iV  =  1.6  x  10*^ 
cm“^.  Also  shown  is  the  resulting  absorp¬ 
tion  coefficient  (right  scale). 


Figure  4.  Optical  limiting  predicted  for 
LWIR  pulse  lengths  of  1  ns  and  100  ns. 


In  modeling  device  performance,  it  becomes  apparent  that  the  limiting  action  is  more 
effective  if  the  MQW  parameters  are  varied  as  a  function  of  depth.  For  example,  near 
the  input  surface  of  the  active  region,  the  optical  intensity  is  highest  and  initiation  of  the 
electron  heating  tends  not  to  be  an  issue.  Since  the  mam  goal  is  then  to  meocimize  the 
induced  absorption  while  minimizing  saturation,  it  is  advantageous  to  have  a  relatively 
high  doping  level  and  large  energy  separation  between  the  Fi  and  Li  conduction  minima 
(which  is  accomplished  by  increasing  the  sdloy  composition  x  in  the  Gai-^In^Sb  quantum 
wells).  On  the  other  hand,  the  region  near  the  exit  surface  of  the  active  region  experi¬ 
ences  much  lower  excitation  intensities,  since  most  of  the  incident  beam  has  already  been 
absorbed  within  the  limiter.  Thus  in  the  exit  region  the  most  important  consideration 
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is  to  maximize  the  sensitivities  of  the  carrier  heating  and  induced  absorption  strength  to 
low-intensity  excitation.  This  is  best  accomplished  by  employing  a  lower  doping  level  and 
much  smaller  energy  difference  between  the  Fi  and  Lj  subbands  (smaller  x).  At  interme¬ 
diate  depths,  optimum  results  are  obtained  for  a  digital  grading  of  the  doping  level  and 
alloy  composition.  A  division  of  the  net  active  region  into  5  uniform  MQWs  generally  gives 
sufficient  modulation  of  the  properties.  In  view  of  the  practical  limitations  of  MBE  growth, 
we  restrict  the  maximum  total  active-region  thickness  to  10  fim. 

The  dashed  curve  of  Fig.  4  plots  output  intensity  (/out)  vs  input  intensity  (1^)  calculated 
for  a  F-L  all-optical  limiter  with  doping  level  and  Gai-a-In^Sb  alloy  composition  graded 
between  4  x  10^^  cm“^  and  x  =  0.3  at  the  input  surface  and  1.6  x  10^^  cm“^  and  x  —  0.2  at 
the  exit  surface.  The  pulse  length  is  1  ns  (e.g.,  from  an  OPO),  and  the  insertion  loss  due  to 
residual  absorption  at  Tg  =  Tl  is  25%.  Whereas  the  response  is  nearly  linear  up  to  An  «  1 
MW/cm^,  above  that  value  the  output  is  effectively  clamped  at  ^1-4  MW/cm^.  This 
continues  until  An  reaches  w  100  MW/cm^,  where  the  An/^out  ratio  is  roughly  a  factor  of 
50.  At  higher  input  intensities  there  is  a  severe  performance  degradation  due  to  saturation. 
We  note  that  the  insertion  loss  may  be  reduced  substantially  if  the  Fi-Li  energy  differences 
in  the  various  regions  are  increased  somewhat.  The  clamped  output  intensity  at  high  An 
then  increases  only  slightly. 

We  next  consider  longer  pulse  lengths  on  the  order  of  100  ns  (e.g.,  the  gain-switched 
spike  from  a  TEA  CO2  laser),  for  which  the  net  energy  absorbed  and  transferred  to  the 
lattice  can  produce  substantial  optical  heating.i^  This  pulse  length  is  nonetheless  too  short 
to  allow  removal  of  any  significant  fraction  of  that  heat  by  thermal  conduction.  Apart  from 
a  small  relative  lattice-temperature  shift  of  the  Fi  and  Li  energy  minima, the  increase  of 
a^2  with  increasing  Tg  is  analogous  to  that  in  Fig.  3,  except  that  now  the  carrier  heating 
self-consistently  derived  from  Eq.  (1)  must  be  added  to  the  increase  in  Tl.  An  additional 
consideration  is  the  inevitable  onset  of  damage  to  the  limiter  due  to  melting  (at  1000 
K)  or  other  thermal  degradation  at  high  input  intensities.  While  it  is  again  advantageous 
to  grade  the  MQW  structural  parameters,  maximization  of  the  damage  threshold  becomes 
the  dominant  consideration  governing  design  of  the  region  near  the  input  surface.  The 
maximum  absorption  coefficient  should  therefore  be  suppressed  somewhat  in  that  region. 

Imposing  the  same  constraint  of  a  lO-fim  total  MQW  thickness,  an  optimized  structure 
for  the  limiting  of  100  ns  pulses  contains  doping  levels  and  QW  alloy  compositions  graded 
between  1  x  10^^  cm”^  and  a:  =  0.17  at  the  input  surface  and  1.6  x  10^^  cm“^  and  x  =  0.20 
at  the  exit  surface.  This  again  yields  a  low-intensity  insertion  loss  of  25%.  Results  for  the 
output  intensity  vs  input  intensity  are  plotted  as  the  solid  curve  in  Fig.  4.  The  limiting 
action  turns  on  somewhat  sooner  at  the  longer  pulse  length,  since  lattice  heating  produces 
a  rapid  increase  of  the  net  electron  temperature.  For  a  broad  range  of  inputs,  the  output 
intensity  is  seen  to  be  clamped  at  w  200  kW/cm^.  The  An/fout  ratio  exceeds  a  factor  of  20 
by  the  time  damage  due  to  melting  of  the  input  surface  occurs  at  «  10  MW/cm^. 

Limiting  is  also  expected  for  still  longer  pulse  lengths,  although  geometrical  considera¬ 
tions  then  become  much  more  important  due  to  the  necessary  reliance  on  thermal  transport 
to  remove  excess  lattice  heat.  A  discussion  of  that  regime  is  deferred  to  a  later  work. 

It  should  be  emphasized  that  the  normal- incidence  absorption  peaks  for  the  two  devices 
discussed  above  are  broad  enough  to  simultaneously  provide  limiting  for  the  entire  CO2  laser 
wavelength  band.  Moreover,  analogous  optical  limiters  operating  at  MWIR  wavelengths 
should  also  be  feasible,  although  it  may  be  difficult  to  design  a  single  device  to  provide 
protection  against  threats  at  all  wavelengths  between  3  and  5  fun.  We  finally  point  out  that 
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the  same  general  principles  may  be  employed  in  the  design  of  F-X  all-optical  modulators 
based  on  GaAs/AUGai-xAs/AlAs  intersubband  systems. 

MWIR  LASERS 

Interband  semiconductor  lasers  have  almost  always  employed  active-region  constituents 
with  a  type-I  band  alignment,  since  large  optical  matrix  elements  are  required  if  appre¬ 
ciable  gain  is  to  be  generated.  While  type-I  MWIR  lasers  have  advanced  considerably 
in  recent  years, it  has  been  pointed  out  that  type- II  antimonide  structures  with 
thin  layers  to  insure  large  electron-hole  wavefunction  overlaps  may  offer  some  significant 
advantages.'^.  i9.  20,  21  This  is  a  consequence  of  such  factors  as  the  larger  conduction  and 
valence  band  offsets  for  improved  electrical  confinement  and  the  potential  for  significant 
suppression  of  the  Auger  loss  rate.'S- «  Researchers  at  Hughes  were  the  first  to  experi¬ 
mentally  demonstrate  3-5  ^m  type-II  antimonide  lasers.23  These  diode  devices  with  active 
regions  consisting  of  4-1/2-period  InAs/Gao.75lno.25Sb  superlattices  have  displayed  lasing 
up  to  255  K  at  an  emission  wavelength  of  3.1  /xm,  which  is  equivalent  to  the  highest  reported 
value^^  for  type-I  interband  III-V  lasers  emitting  beyond  3  /xm.  Here  we  discuss  recent  the¬ 
oretical  and  experimental  progress  by  the  team  of  NRL  and  UH/SVEC  in  the  development 
of  type-II  quantum  well  lasers  (T2QWLs).  This  work  has  produced  the  first  interband 
semiconductor  lasers  emitting  MWIR  wavelengths  at  and  above  room  temperature. 

Design  considerations  for  the  T2QWL  are  discussed  in  Ref.  21.  The  active  region  con¬ 
tains  four  constituents  (e.g.,  InAs/Gai_xInxSb/InAs/AlSb)  in  each  period  of  the  repeated 
structure.  Excellent  optical  and  electrical  confinement  are  provided  by  the  low  index  of 
refraction  and  large  conduction  and  valence  band  offsets  of  the  AlSb  or  InAs/AlSb  su¬ 
perlattice  cladding  layers.  The  gain  per  injected  carrier  is  large  because  the  AlSb  barrier 
in  each  period  of  the  active  region  induces  a  two-dimensional  density  of  states  for  both 
electrons  and  holes.  In  addition,  the  double  InAs  quantum  well  significantly  enhances  the 
electron-hole  overlap  integral  and  hence  the  optical  matrix  elements.*'  Finally,  a  strong 
suppression  of  Auger  losses  is  expected  due  to  the  small  in*plane  hole  mass,  the  elimina¬ 
tion  of  resonances  between  the  energy  gap  and  split-off  valence  band,  and  the  avoidance  of 
resonances  with  any  other  low-lying  valence  subbands.'®-  21 

The  first  T2QWL  devices  were  recently  grown  at  UH/SVEC  and  characterized  at 
NRL.25.  26  Details  of  the  MBE  growth  may  be  found  in  Ref.  27.  Broad-area  laser  bars 
were  lapped  and  polished  to  a  thickness  of  «  100  /xm,  and  then  cleaved  to  cavity  lengths 
on  the  order  of  500  /xm.  The  laser  bars  with  uncoated  facets  were  indium  heat  sunk  to  a 
copper  cold  finger,  epitaxial-side-up.  These  devices  were  optically  pumped  by  70  ns  pulses 
from  a  Q-switched  2.06  /xm  Ho:YAG  laser  operating  at  1  Hz,  focused  to  a  stripe  width 
ranging  between  40  and  500  /xm. 

A  series  of  four  T2QWL  samples  having  InAs  active  layer  thicknesses  ranging  be¬ 
tween  17  A  and  24  A  (corresponding  to  high- temperature  lasing  wavelengths  between  3.2 
/xm  and  4.5  /xm)  were  fabricated  and  characterized.  In  all  cases,  the  maximum  operat¬ 
ing  temperature  {Tm^)  exceeded  any  reported  previously  for  either  optically-pumped'®  or 
electrically-pumped  interband  III-V  lasers  emitting  beyond  3  /xm,  ranging  between  270  K 
at  4.5  /xm  and  350  K  at  3.2  /xm.“  The  latter  result  is  the  highest  reported  to  date  for  any 
semiconductor  laser  emitting  beyond  2.5  /xm,  including  IV- VI  devices  (TnwMi  =  290  K)^  and 
the  intersubband-based  quantum  cascade  laser*®  (see  below).  Figure  5  plots  peak  output 
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power  as  a  function  of  pump  intensity  for  the  3.2-//m  device.  We  observe  up  to  270  mW 
at  300  K,  which  represents  a  significant  step  toward  the  realization  of  practical  MWIR 
sources.  Devices  with  a  3.4-/zm  emission  wavelength  also  lased  above  room  temperature 
(up  to  310  K). 
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Figure  5.  T2QWL  peak  output  power 
vs  optical  pump  intensity  at  300  K,  for 
a  stripe  width  of  90  fim. 


Figure  6.  Optical  pumping  conversion  effi¬ 
ciency  (normalized  to  the  zero-loss  limit)  vs 
temperature  for  a  type-II  superlattice  laser 
with  cladding  layers  doped  for  diode  operation. 


One  of  the  next  goals  of  this  work  is  to  demonstrate  diode  laser  operation.  Toward 
that  goal,  optical-pumping  experiments  were  recently  performed  on  a  structure  designed 
for  electrical  pumping,  but  for  which  the  growth  was  unintentionally  halted  before  the 
upper  optical  cladding  layer  could  be  completed  and  a  contact  layer  deposited.  The  ac¬ 
tive  region  was  an  undoped  two-constituent  In0.94Al0.06As /Gao,8oIno  .2oSb  (I2A/33A)  type- 
II  superlattice  and  the  incomplete  top  cladding  layer  was  an  n-type  InAs/Ino  .17Alo.83Sb 
(I5A/20A)  superlattice,  both  of  which  were  lattice- matched  to  the  p-type  AlSb  bottom 
cladding  layer.  Because  the  active  region  was  thinner  (0.20  pm)  than  in  most  optically- 
pumpedis.  25. 26  and  electrically-pumped^a,  i5  MWIR  lasers,  the  structure  also  contained 
an  n-type  Ino.94Alo.06As/Gao.85Ino.15Sb  (12A/68A,  0.25  pm  total  thickness)  high-index  re¬ 
gion  to  increase  the  active-region  optical  confinement  factor  to  ^  0.16.  The  active  and 
high-index  regions  were  separated  by  an  n-type  InAs/Ino.2iAlo.79Sb  (14A/15A,  0.05  pm 
total  thickness)  blocking  layer  to  prevent  the  escape  of  holes  from  the  active  region.  The 
wavelength  of  the  observed  laser  emission  varied  from  2.84  pm  at  80  K  to  «  3.2  pm  at 
temperatures  approaching  ambient.  Despite  the  thinner  active  region  and  the  presence  of 
doping  in  the  cladding  layers,  lasing  was  again  observed  up  to  300  K,  with  a  peak  power 
output  of  15  mW  at  280  K  for  a  stripe  width  of  «  50  pm.  Figure  6  illustrates  the  tem¬ 
perature  dependence  of  the  slope  efficiency,  which  has  been  normalized  to  the  theoretical 
limit  predicted  for  the  case  of  zero  internal  loss.  Note  that  the  efficiency  remains  roughly 
constant  for  operating  temperatures  up  to  «  200  K.  Although  the  absolute  magnitude  of 
the  power  conversion  efficiency  at  86  K  is  only  si  0.1%,  this  value  is  dominated  primarily 
by  such  factors  as  weak  coupling  to  the  pump  beam  (only  «  4%  of  the  incident  energy 
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is  actually  absorbed  in  the  active  region),  the  down-conversion  photon-energy  ratio,  and 
collection  inefficiency  (including  collection  from  only  one  of  the  two  facets).  If  a  typical  in¬ 
ternal  loss  of  w  10  cm“^  is  assumed,  the  efficiency  observed  at  86  K  remains  approximately 
a  factor  of  4  below  the  theoretical  limit.  Most  of  this  discrepancy  probably  resulted  from 
the  poor  facet  qujtlity  discussed  below. 

Despite  the  record  maximum  operating  temperatures,  the  low-temperature  threshold 
pump  intensities  reported  in  Refs.  25  and  26  were  higher  than  most  previous  values.  While 
this  was  originally  attributed  to  short  Hall- Shockley- Read  recombination  lifetimes,^  it  is 
now  realized  that  the  primary  cause  was  actually  poor  facet  quality.  Subsequent  measure¬ 
ments  on  additional  devices  fabricated  at  both  MIT  Lincoln  Laboratory**  and  NRL  from 
the  same  wafers  but  with  optimized  cleaving  procedures  have  confirmed  lasing  thresholds 
an  order  of  magnitude  below  those  reported  in  Refs.  25  and  26.  The  revised  Hall- Shockley- 
Read  lifetimes  estimated  from  the  new  thresholds  are  typical  of  state-of-the-art  values  for 
antimonide  quantum  heterostructures. 

We  finally  discuss  theoretical  projections  for  the  type-II  interband  cascade  laser 
(T2ICL),  which  is  unique  to  the  antimonides  and  combines  advantages  of  both  the  bipolar 
T2QWL  and  the  unipolar  quantum  cascade  laser  (QCL)  demonstrated  by  Faist  ei  o/.“  In 
the  QCL,  unipolar  electron  injection  into  a  staircase  of  coupled  quantum  wells  produces 
a  subband  population  inversion,  and  lasing  results  from  stimulated  intersubband  transi¬ 
tions.  In  contrast  to  conventional  diode  lasers  in  which  a  maximum  of  one  photon  can  be 
emitted  for  every  electrically-injected  electron  and  hole,  in  the  QCL  each  electron  enter¬ 
ing  the  device  can  in  principle  produce  an  additional  photon  for  each  period.  Emission 
wavelengths  between  4  (im  and  11  ^m  and  operating  temperatures  up  to  320  K  have  been 
demonstrated,  with  characteristic  temperatures  To  often  exceeding  100  K.»  However,  the 
threshold  current  densities  tend  to  be  rather  large,  owing  to  a  rapid  nonradiative  phonon 
relaxation  of  the  population  inversion.  The  T2ICL  elirrnnates  this  phonon  relaxation  path, 
while  retaining  the  advantages  of  the  cascade  geometry. 

The  T2ICL  concept,  which  was  originally  proposed  by  Yang,3i  is  quite  flexible  and 
numerous  alternative  configurations  are  possible.^*.  ^  Preliminary  experimental  investiga¬ 
tions  have  led  to  the  observation  of  mid-IR  electroluminescence  up  to  room  temperature  in 
an  interband  cascade  device.**  Detailed  active-region  design  and  modeling  of  device  per¬ 
formance  have  been  carried  out  by  Vurgaftman  et  al.^  The  present  discussion  will  focus 
on  a  typical  structure  illustrated  schematically  in  Fig.  7.^  The  staircase  device  consists  of 
many  active  regions  separated  from  one  another  by  injection  regions,  each  of  which  serves 
as  the  collector  for  one  active  region  and  the  emitter  for  the  next.  With  an  appropriate 
bias,  electrons  are  injected  from  the  left  and  tunnel  through  the  first  AlSb  barrier  into  the 
El  band  of  the  InAs  QW  in  the  active  region.  Since  the  subsequent  GalnSb,  GaSb,  and 
AlSb  barriers  prevent  leakage  due  to  tunneling  into  the  next  injection  region,  the  electrons 
may  escape  only  by  making  radiative  or  non  radiative  transitions  to  the  valence  band, 
namely  the  HI  level  of  the  GalnSb  hole  QW.  Note  that  the  non-radiative  losses  will  be 
relatively  low,  since  phonon  relaxation  processes  have  been  eliminated  and  Auger  losses  can 
be  strongly  suppressed  as  in  the  T2QWL.  Once  the  electrons  have  made  optical  transitions 
to  the  valence  band,  they  tunnel  into  the  GaSb  QW,  whos?  thickness  is  such  that  free  car¬ 
rier  absorption  due  to  intervalence  transitions  is  minimized  at  the  lasing  wavelength.  The 
electrons  finally  transfer  to  the  conduction  band  of  the  next  injection  region  through  elastic 
interband  tunneling**  or  elastic  scattering.**  This  crucial  step  can  only  be  accomplished  in 
systems  with  a  type-II  semimetallic  band  offset,  i.e.,  the  antimonides.  A  cascade  of  photons 
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results  as  the  electrons  descend  the  staircase,  since  a  separate  radiative  transition  occurs 
in  each  active  region  of  the  device. 

The  operation  of  a  specific  15-period  T2ICL  structure  (964  A  period)  surrounded  by 
1.5-^m-thick  n-doped  InAs/AlSb  optical  cladding  layers  has  been  simulated  in  Ref.  35. 
Using  energy  dispersion  relations  and  optical  matrix  elements  from  the  8-band  FEM  al¬ 
gorithm  and  interwell  tunneling  coefficients  from  a  WKB  approximation,  Fermi  levels  and 
electronic  heat  capacities  were  calculated  as  a  function  of  carrier  concentration  for  each 
well  of  a  given  period.  Electron-hole  recombination  was  taken  to  result  from  spontaneous 
and  stimulated  radiative  emission,  as  well  as  Hall-Shockley-Read  and  Auger  nonradiative 
processes.  Accounting  for  the  optical  confinement  factor  («  78%),  the  optical  gain  was  de¬ 
termined  as  a  function  of  electron  and  hole  densities  in  the  active  wells.  These  dependences 
were  then  input  to  the  coupled  time- dependent  equations  for  interwell  carrier  transfer  and 
photon  propagation  in  the  presence  of  carrier  and  lattice  heating.  Internal  electric  fields 
were  self-consistently  adjusted  according  to  the  spatial  build-up  of  excess  charge  in  the 
various  quantum  wells. 


Current  Density  (kA/cm^) 


Current  (A) 

Figure  7.  Schematic  conduction  and  va-  Figure  8.  Theoretical  output  power  per  facet 

lence  band  profiles  and  subband  minima  vs  injected  current  density  for  a  T2ICL35  (solid 

for  a  T2ICL  structure  under  bias.  curves)  and  a  T2QWL  (dashed  curves).  Cav¬ 

ity  lengths  are  500  /j.m  and  stripe  widths  are 
50  fj,m. 

The  simulation  was  carried  out  for  cw  pumping  of  a  T2ICL  device  (A  =  3.15  //m) 
mounted  junction-side-down,  with  one  facet  coated  to  achieve  a  reflectivity  of  95%.  For 
threshold  conditions  at  300  K,  the  net  losses  due  to  mirror  transmission,  free  carrier  ab¬ 
sorption,  and  interband  absorption  at  the  type-II  interface  between  the  active  and  injection 
regions  was  conservatively  estimated  to  be  52  cm“\  although  this  value  can  almost  surely 
be  reduced  in  fully-optimized  structures.  The  solid  curves  of  Fig.  8  illustrate  the  pre¬ 
dicted  T2ICL  output  powers  as  a  function  of  injection  current  at  100  K  and  300  K,  which 
are  compared  with  analogous  100  K  and  200  K  results  from  the  modeling  of  a  15-period 
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T2QWL  with  the  same  Auger  coefficient  (dashed  curves).  The  T2ICL  threshold  currents 
are  much  lower  (1.1  kA/cm^),  since  for  a  cascade  geometry  the  contacts  need  to  supply  only 
enough  carriers  to  establish  a  population  inversion  in  the  first  period,  which  then  injects 
the  carriers  into  the  next  period,  etc.  Furthermore,  the  differential  slope  efficiency  (with  a 
maximum  of  0.9  W/A  per  facet  at  300  K)  is  far  higher  due  to  the  generation  of  15  photons 
for  every  electron  injected.  Especially  encouraging  is  the  prediction  that  cw  output  powers 
exceeding  1  W  may  be  feasible,  although  the  maximum  is  limited  by  the  carrier  and  lattice 
heating  at  high  injection  currents  as  well  as  nonlinear  effects  such  &s  filamentation  that 
have  not  been  included  in  this  calculation.  When  the  temperature  is  decreased  from  300 
K  to  100  K,  the  threshold  current  density  falls  by  more  than  an  order  of  magnitude,  to  80 
A/cm^,  if  the  same  Auger  coefficient  is  assumed. 

By  comparison,  the  T2QWL  yields  a  maximum  dP/dl  of  w  0.12  W/A  at  100  K  and 
threshold  current  densities  of  9.5  kA/cm^  at  300  K  (pulsed  only)  and  550  A/cnP  at  100 
K  (cw).  Theoretical  predictions  for  the  QCL  yield  threshold  cw  current  densities  of  «  3 
kA/cm^  and  1  kA/cm^  at  300  and  100  K,  respectively^  (expected  to  be  relatively  indepen¬ 
dent  of  wavelength).  Thus  far,  the  maximum  dP/dl  reported  for  pulsed-mode  operation  has 
been  «  0.25  W/A  at  low  temperatures,^  although  somewhat  higher  values  will  probably 
be  achievable. 

These  simulations  demonstrate  that  the  T2ICL  represents  a  promising  approach  to 
achieving  high  MWIR  output  powers  from  single-facet  electrical-injection  devices.  We  also 
emphasize  that  numerous  variations  on  the  interband  cascade  geometry  are  possible.  For 
example,  while  the  type- II  band  alignment  at  the  interface  between  one  period  and  the 
next  is  a  defining  characteristic  that  must  be  present  to  enable  the  interband  tunneling  or 
scattering  step  which  returns  electrons  to  the  conduction  band,  it  is  not  essential  that  the 
active  region  have  a  type-II  alignment.  One  may  also  consider  a  type-I  interband  cascade 
laser  (T1ICL),32  in  which  the  wavefunctions  for  both  electrons  and  holes  taking  part  in  the 
lasing  transitions  have  their  maxima  in  the  same  quantum  well. 

CONCLUSIONS 

The  inadequacy  of  current  IR  optical  components  hjw  substantially  impeded  the  im¬ 
plementation  of  high-performance  military  and  commercial  systems  for  such  applications 
as  remote  chemical  sensing  (for  leak  detection,  pollution  and  drug  monitoring,  chemical 
process  control,  etc.),  IR  spectroscopy,  laser  surgery,  multi-spectral  detection,  IR  illumina¬ 
tion,  IR  countermeasures,  and  future  ultra-low- loss  fiber  communications.  In  this  review, 
we  have  discussed  the  potential  for  meeting  some  of  these  requirements  with  novel  mod¬ 
ulators  and  sources  based  on  the  wavefunction  engineering  of  antimonide-family  quantum 
heterostructures. 

We  have  described  QW  structures  in  which  virtuall)  the  entire  electron  population 
can  be  transfered  from  F  states  to  L  states  either  through  the  application  of  an  extern^ 
bias  or  by  optical  heating  of  the  carriers  and  lattice  at  high  excitation  intensities.  This 
transfer  substantially  alters  such  IR  properties  as  the  polarization  selection  rule  governing 
normal-incidence  intersubband  transitions.  As  a  consequence,  it  provides  all  of  the  basis 
elements  for  MWIR  and  LWIR  EO  devices  analogous  to  near-IR  modulators  based  on  the 
excitonic  quantum  confined  Stark  effect,  as  well  as  for  all-optical  IR  limiters  suitable  for 
IR  sensor  protection.  Detailed  simulations  of  short-pulse  and  intermediate-pulse  LWIR 
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limiters  predict  an  effective  clamping  of  the  output  intensity  over  a  large  range  of  input 
intensities. 

We  have  also  outlined  the  prospects  for  high-performance  MWIR  lasers  based  on  type- 
II  multiple  quantum  wells.  Some  of  this  potential  has  already  been  realized,  as  optically- 
pumped  T2QWL  structures  emitting  at  3.2  fim  have  lased  up  to  350  K,  which  is  nearly  100 
K  higher  than  the  previous  record  for  III-V  interband  semiconductor  lasers  emitting  beyond 
3  fim.  Furthermore,  the  type-II  interband  cascade  laser  is  expected  to  have  even  more  favor¬ 
able  properties,  since  it  retains  the  photon-recycling  advantage  of  the  intersubband-based 
QCL  while  eliminating  the  non-radiative  phonon  relaxation  path.  Detailed  simulations 
predict  much  higher  output  powers  than  from  conventional  bipolar  MWIR  lasers,  coupled 
with  much  lower  threshold  currents  than  the  QCL. 
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ABSTRACT 

Mid-infrared  (3-5  |Lim)  infrared  lasers  and  LEDs  are  being  developed  for  use  in  chemical 
sensor  systems.  As-rich,  InAsSb  heterostructures  display  unique  electronic  properties  that  are 
beneficial  to  the  performance  of  these  midwave  infrared  emitters.  We  have  grown  AlAs,.,Sb, 
epitaxial  layers  by  metal-organic  chemical  vapor  deposition  using  trimethylamine  (TMAA)  or 
ethyldimethylamine  alane  (EDMAA),  triethylantimony  (TESb)  and  arsine.  We  examined  the 
growth  of  AlAs,.^Sb^  using  temperatures  of  500  to  600  ®C,  pressures  of  70  to  630  torr,  V/III 
ratios  of  1-27,  and  growth  rates  of  0.3  to  2.7  pm/hour  in  a  horizontal  quartz  reactor.  The 
semi-metal  properties  of  a  p-GaAsSb/n-InAs  heterojunction  are  utilized  as  a  source  for 
injection  of  electrons  into  the  active  region  of  lasers.  A  regrowth  technique  has  been  used  to 
fabricate  gain-guided  lasers  using  AlAs,.^Sb^  for  optical  confinement  with  either  a  strained 
InAsSb/InAs  multi-quantum  well  (MQW)  or  an  InAsSbAnAsP  strained  layer  superlattice 
(SLS)  as  the  active  region.  Under  pulsed  injection,  the  InAsSb/InAs  MQW  laser  operated  up  to 
210K  with  an  emission  wavelength  of  3.8-3.9  pm.  Under  pulsed  optical  pumping,  the 
InAsSb/InAsP  SLS  operated  to  240K  with  an  emission  wavelength  of  3.5-3.7  pm.  LED 
emission  has  been  observed  with  both  active  regions  in  both  p-n  junction  and  semi-metal 
injection  structures. 

INTRODUCTION 

Driven  by  chemical  sensing  and  infrared  countermeasure  applications,  several  mid- 
infrared  (2-6  pm)  diode  lasers  with  strained  InAsSb  active  regions  have  been  recently 
demonstrated.  Devices  with  AlAsSb  claddings  have  been  grown  by  molecular-beam 
epitaxy, [1,2]  and  lasers  with  higher  index,  A1  free  InPSb  claddings  metal  organic  chemical 
vapor  deposition  (MOCVD)  have  also  been  reported.[3]  Although  AlAsSb  claddings  provide 
superior  optical  confinement,  the  large  conduction  band  barriers  associated  with  AlAsSb  layers 
can  result  in  poor  electron  injection  and  high  turn-on  voltages.  Also,  due  to  lack  of  satisfactory 
aluminum  sources  and  residual  carbon  resulting  in  p-type  doping  of  AlAsSb  alloys,  MOCVD 
growth  of  AlAsSb  injection  devices  had  not  been  reported.  In  this  paper,  we  report  MOCVD 
grown  lasers  with  AlAsSb  claddings.  We  describe  an  electrically  injected  device  which 
utilizes  a  GaAsSb(p)/InAs(n)  heterojunction  to  form  an  internal,  semi-metal  layer.  The  semi¬ 
metal  acts  as  an  internal  electron  source  which  can  eliminate  many  of  the  problems  associated 
with  electron  injection  in  these  AlAsSb  based  devices.  Furthermore,  the  use  of  an  internal 
electron  source  enables  us  to  consider  alternative  laser  and  LED  designs  that  would  not  be 
feasible  with  conventional,  p-n  junction  devices.  Initial  results  for  an  optically  pumped  laser 
with  an  InAsSb/InAsP  strained-layer  superlattice  (SLS)  active  region  are  also  presented.  Due 
to  a  large  valence  band  offset,  the  light-heavy  hole  splitting  "in  InAsSb/InAsP  SLSs  is 
estimated  to  be  80  meV,  and  Auger  recombination  should  be  further  reduced  in  this  active 
region. 
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EXPERIMENT 


This  work  was  carried  out  in  a  previously  described  horizontal  MOCVD  system. [4] 
TMAA,  or  EDM  A  A,  TESb,  100%  and  10%  arsine  in  hydrogen,  and  phosphine  were  the 
sources  for  Al,  Sb,  As  and  P  respectively. 

AlASojgSboj^  layers  0.5  -  1  pm  thick  and  lattice-matched  to  In  As  were  grown  over  a  range 
of  500  to  600 'C  and  76  to  630  torr  using  a  V/III  ratio  =  1.1  to  27  and  a  AsfV  ratio  of  0.1  to 
0.64  in  the  gas  phase.  The  growth  rate  ranged  between  0.35  -  2.0  pm/hr.  The  best  morphology 
was  achieved  when  grown  on  a  buffer  layer  of  InAs  or  an  InAsSb/InAsP  strained  layer 
superlattice  at  a  V/III  ratio  of  7.5  at  500  *C  and  200  torr  at  1.1  pm/hr. 

The  two  active  region  structures  were  used  for  both  laser  diode  and  LED  devices.  The 
first  consisted  of  a  10  period  multi  quantum  well  (MQW)  structure  of  85 A  InSbAs  quantum 
wells  with  425A  InAs  barriers.  The  other  consisted  of  a  40  period  strained  layer  superlattice 
(SLS)  with  the  same  InSbAs  wells  but  with  85A  InAsP  barriers. 

Secondary  ion  mass  spectroscopy  (SIMS)  was  used  to  determine  C  and  O  impurity 
concentrations.  Five  crystal  x-ray  diffraction  (FCXRD)  of  the  (004)  reflection  was  used  to 
determine  alloy  composition  and  superlattice  period.  Layer  thickness  was  determined  using  a 
groove  technique  for  thicker  layers.  Photoluminescence  was  used  to  characterize  the  optical 
quality  of  the  active  regions. 

RESULTS  AND  DISCUSSION 

The  optimum  growth  conditions  for  AlAs^Sbj.,  occurred  at  500  ”C  and  200  torr  at  a 
growth  rate  of  1.1  pm/hour  using  a  V/III  ratio  of  7.5  assuming  a  vapor  pressure  of  0.75  torr  for 
EDM  A  A  at  19.8®C  and  an  As/V  flow  ratio  of  0.13.  Surface  morphology  was  strongly 
dependent  on  the  InAs  substrate.  However,  the  use  of  a  30  period  strain  balanced 
InAsSb/InAsP  SLS  like  that  used  for  the  active  region  greatly  improved  surface  morphology. 
Surface  roughness  increased  for  growth  rates  of  2  pm/hr.  for  the  same  VAII  and  As/V 
conditions.  Latticed  matched  GaAsSb  cap  layers  were  grown  using  similar  conditions,  a  V/III 
of  6.2,  and  an  As/V  flow  ratio  of  0.071.  Five  crystal  x-ray  diffraction  (FCXRD) 
measurements  of  lattice  matched  AlAsSb  films  typically  exhibited  full  widths  at  half  of  the 
maximum  intensity  (FWHM)  less  than  100  arc  seconds.  We  were  also  able  to  reproducibly 
obtain  lattice  matching  of  AlAs^Sb,.,  to  InAs  to  within  less  than  0.015  percent  using  EDMAA. 

The  use  of  other  than  the  above  stated  growth  conditions  led  to  problems  in 
compositional  control  and  reproducibility  during  the  growth  of  AlAs^Sb,.,  layers  lattice 
matched  to  InAs.  Growth  at  600  °C  resulted  in  a  very  broad  x-ray  peak  that  extended  over 
hundreds  of  arc  seconds  with  a  constant  intensity.  Analysis  of  the  x-ray  spectra  indicated  that 
the  large  peak  width  was  due  to  a  variation  of  Sb  composition  that  occurred  in  the  layer  as  it 
was  grown.  Broad  x-ray  peaks  were  also  observed  in  films  grown  using  TMAA.  The 
transport  of  TMAA  from  the  solid  source  varied  during  the  growth  run  and  changed  the  V/III 
ratio  resulting  in  x-ray  peaks  several  hundred  arc  seconds  wide.  Sb  was  also  detected  by  x-ray 
diffraction  in  InAs  layers  grown  at  600  °C  following  previous  growths  of  AlAsSb.  We  suspect 
that  evaporation  of  elemental  Sb,  which  has  a  vapor  pressure  of  0.1  torr  at  600  "C.  from 
deposits  on  the  chamber  wall  results  in  the  compositional  drift  observed  in  the  AlAsSb  layers 
grown  at  600  °C.  Growth  at  500  “C  greatly  reduces  this  effect  as  x-ray  peaks  with  FHWM  of 
less  than  100  arc  seconds  were  routinely  achieved.  Likewise  Sb  was  not  detected  by  x-ray 
diffraction  in  InAs  layers  grown  on  top  of  AlAsSb.  Growth  at  70  or  500  torr  yielded  broader 
x-ray  diffraction  peaks  (FWHM  300  arc  seconds)  with  less  reproducible  lattice  matching. 
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SIMS  analysis  of  undoped  AlAsSb  showed  the  oxygen  level  to  be  1.2x10'®  cm'^  for  a  film 
grown  at  500  °C  and  200  torr  using  EDMAA.  A  similar  level  of  oxygen  (1.6x10'®  cm‘^)  was 
found  in  a  film  grown  at  600  '"C  and  200  torr  using  TMAA.  The  level  of  carbon  found  in  the 
film  grown  at  600  "C  was  7.3x10'^  cm"*  and  was  much  lower  than  the  2.6x10'®  cm''  found  in 
the  sample  grown  at  500  °C.  The  source  of  the  oxygen  found  in  these  materials  is  unknown  at 
this  time.  The  oxygen  could  be  coming  from  contaminants  in  the  organometallic  sources,  the 
background  O  in  the  MOCVD  reactor,  or  from  reaction  of  the  samples  with  air. 

The  details  of  the  growth  of  the  InAsSb/InAs  multiple  quantum  well  (MQW)  structures 
on  InAs  have  been  previously  published.[5]  An  x-ray  diffraction  pattern  of  an 
InAs/InASo8<,Sbo,,  MQW  grown  on  InAs  had  shaip  satellite  peaks  out  to  n=7  indicating  good 
crystalline  structure.  The  structure  was  grown  at  500  °C,  200  torr,  a  V/III  ratio  of  25  with  an 
As/V  ratio  of  0.75  and  a  growth  rate  of  2.5  A/second.  A  15  second  purge  time  with  reactants 
switched  out  of  the  chamber  was  used  between  each  layer.  The  composition,  X,  of  the  InAs,. 
,Sb„  quantum  wells  could  be  varied  between  X  =  0.1  and  0.2  by  changing  the  As/V  ratio 
between  0.81  and  0.63  using  these  growth  conditions.  The  composition  changes  can  be 
explained  by  the  use  of  a  thermodynamic  model  as  previously  discussed.[5] 

InAsP  layers  were  grown  using  10%  ASH3  in  hydrogen  with  of  V/III  ratio  of  216  and  a 
As/V  ratio  of  .016.  The  high  V/III  and  low  As/V  ratios  reflect  the  low  thermal  decomposition 
efficiency  of  PH3  at  500  °C  and  200  torr.  The  growth  rate  was  2.5  A/sec.  in  the  active  region. 

Low  temperature  ( <  20  K)  photoluminescence  emission  could  be  controlled  between  3.9 
to  6.0  pm  for  Sb  compositions  between  0.11  to  0.20  in  the  InAsSb/InAs  MQW  structures 
grown  on  InAs.  The  long  wavelength  deviation  of  these  bandgap  values  from  those  previously 
published  may  be  explained  by  the  CuPt-type  ordering  and  phase  separation  found  in  these 
materials.  [6,  7]  Previous  work  has  shown  that  the  In  As/In  AsSb  interface  band  offset  in  these 
MOCVD  grown  materials  is  type  I. [8]  PL  emission  from  InAsSb/IiiAsP  SLS  structures  were 
blue  shifted  due  to  the  added  confinement  provided  by  the  InAsP  barriers  (Figure  1).  PL 
emission  was  observed  between  3.1  to  4.2  pm  for  the  20  period  SLS  shown  in  Figure  1. 

FCXRD  of  a  20  period  InAsSb/InAsP  SLS  shows  sharp  SL  peaks  indicating  good 
structural  quality.  The  n=0  peak  is  within  10  arc  seconds  of  the  substrate  indicating  the 
structure  is  strain  balanced.  PL  emission  for  the  structure  grown  on  InAs  is  observed  at  3.61 
pm  at  16  K  and  red  shifts  to  4.15  pm  at  300  K  with  8%  of  the  peak  intensity  at  16  K. 

Although  tlie  independent  growth  of  the  A1  As,,Sb,.„  layers  or  the  MQW  structures  gave 
uniform  and  reproducible  x-ray  diffraction  patterns,  only  a  very  broad  x-ray  diffraction  pattern 
was  observed  when  the  MQW  was  grown  sequentially  on  top  of  the  AlAs,,Sb,.,,.  When  a  layer 
of  InAs  was  grown  after  a  layer  of  lattice  matched  AlAs^Sb,.,^,  a  broad  x-ray  peak  was  observed 
at  two  theta  values  greater  than  the  InAs  substrate.  SIMS  measurements  indicated  the  presence 
of  A1  in  the  InAs  layer.  In  order  to  avoid  the  incorporation  of  A1  into  the  quantum  well 
structures,  we  developed  a  regrowth  technique.  Following  the  growth  of  the  2.5  pm  AlAs^Sb,.^ 
confinement  layer  capped  with  500  A  of  GaAs,.,,Sb„  and  a  400  A  layer  of  In  AsSb,  the  quartz  ' 
reaction  chamber  was  cleaned  before  growing  the  rest  of  the  laser  structure.  The  second 
growth  starts  with  the  active  region  followed  by  a  second  2.5  pm  confinement  layer  of 
AlAs^Sb,.^  followed  by  a  1200  A  contact  layer  of  GaAsSb. 

None  of  the  layers  in  the  laser  structure  were  intentional  doped.  The  semi-metal  nature 
of  the  p-GaAsSb  /  n-InAs  interface  grown  at  the  end  of  the  first  growth  is  used  to  inject 
electrons  into  the  active  region.  The  satellite  peaks  observed  in  the  first  growth  are  from  the 
InAsSb/InAsP  SLS  used  as  a  buffer  to  improve  surface  morphology  (Figure  3).  The  same 
structure  used  in  the  active  region  was  also  used  for  the  buffer.  The  cladding  layer  is  closely 
lattice-matched  to  the  substrate. 
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Figure  1.  Low  temperature  photoluminescence  (  <  20K)  from  10  period  85A  InSb^^As,  ^  / 
425A  InAs  MQW’s  and  40  period  75k  lnS\As^  J  84A  InAs^^Pj^  SLS’s  grown  on  InAs. 


Energy  (meV) 


Figure  2.  Low  temperature  photoluminescence  from  a  40  period  83A  InSb  g^As  ,3  /  82A 
InAs73P27  SLS’s  grown  on  InAs.  The  absorption  at  350  meV  is  an  artifact  in  the  PL  system. 
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Gain-guided,  stripe  lasers  with  a  InAsSb/InAs  MQW  active  region  and  semi-metal 
electron  injection  were  fabricated.  Under  pulsed  operation  with  uncoated  facets,  lasing  was 
observed  in  forward  bias  with  40x1000  or  80x1000  micron  stripes.  No  emission  occun-ed 
under  reverse  bias.  Devices  were  tested  with  100  nsec  pulse  widths  at  10  kHz  (0.1  %  duty- 
cycle).  Several  longitudinal  modes  were  observed  in  the  3.8-3.9  pm  range.  The  lasers 
displayed  a  sharp  threshold  current  characteristic,  and  lasing  was  observed  through  21  OK. 
Under  pulsed  operation,  peak  power  levels  of  1  mW/facet  could  be  obtained.  A  characteristic 
temperature  (Tp)  in  the  30-40  K  range  was  observed,  with  the  lower  value  (30  K)  being 
misleading  due  to  degradation  of  the  device  at  higher  temperatures.  These  maximum 
operating  temperature  and  characteristic  temperature  values  are  comparable  to  the  highest 
values  reported  to  date,  for  injection  lasers  of  this  wavelength  with  either  strained  InAsSb  or 
InAs/GalnSb  active  regions  [1,2,9,10].  Unlike  bipolar  lasers,  cw  operation  of  the  unipolar 
laser  has  not  yet  been  observed. 

Lasing  emission  was  also  observed  from  optically  pumped  structures  with  InAsSb/InAsP 
SLS  active  regions.  Several  longitudinal  modes  were  observed  in  the  3.5-  3.7  pm  range  and 
lasing  was  observed  to  240K.  The  temperature  dependence  of  the  threshold  had  a 
characteristic  temperature  (TJ  of  32  K. 
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Figure  3.  X-ray  diffraction  pattern  of  the  lower  cladding  and  complete  structure  following 
regrowth  of  the  active  region  and  top  cladding.  An  InAsSb  /  InAsP  strain  balanced 
superlattice  is  used  as  a  buffer  to  improve  surface  morphology  and  as  the  active  region. 
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LED  and  laser  emission  is  observed  for  a  variety  of  forward  bias  conditions.  No 
emission  is  observed  in  reverse  bias.  The  onset  of  the  LED  emission  coincides  with  the  energy 
of  the  InAsSb  quantum  well  photoluminescence.  Room  temperature  LED  emission  has  been 
observed  at  4  pm  in  excess  of  1  pW  peak  power  (10  kHz,  50%  duty-cycle).  Similar 
performance  has  been  recorded  for  LED  devices  using  an  InAsSb/InAsP  SLS  active  region. 
LED  emission  has  been  observed  from  both  semi-metal  injection  and  p-n  junction  structures. 

CONCLUSIONS 

We  have  grown  AlAs,Sb,.,  epitaxial  layers  by  metal-organic  chemical  vapor  deposition 
(MOCVD)  using  trimethylamine  alane  or  ethyldimethylamine  alane,  triethylantimony,  and 
arsine.  The  growth  of  high  quality  AlAs,Sb,.,  by  MCXTVD  has  been  demonstrated  and  used 
for  optical  confinement  layers  in  a  3. 8-3. 9  pm  injection  laser  with  a  novel  GaSb/InAs  semi¬ 
metal  electron  injector.  The  use  of  the  InAs/GaSb  semi-metal  for  carrier  injection,  and  the 
compatibility  of  the  semi-metal  with  InAsSb  devices  is  unique.  Diode  lasers  employing 
InAsSb/InAs  MQW  active  regions  have  operated  under  electrical  injection  (pulsed)  to  21  OK. 
Optically  pumped  laser  structures  employing  strain  balanced  InAsSb/InAsP  SLS  active  regions 
have  operated  to  240K  under  pulsed  conditions. 
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ABSTRACT 

Liquid  phase  epitaxy  can  be  effectively  used  to  grow  a  thick  graded  ternary  or  quaternary 
buffer  layer  to  provide  a  "virtual  substrate"  for  subsequent  device  epitaxy.  Grading  characteristics 
of  InGaAs,  InAsSb  and  InAsSbP  epitaxial  layers  grown  by  LPE  are  discussed.  The  effects  of  the 
principal  LPE  growth  parameters  on  epilayer  thickness,  surface  morphology  and  composition, 
lattice-mismatch  and  photoluminescence  efficiency  were  investigated  and  are  described. 

INTRODUCTION 

There  is  at  present  considerable  interest  in  the  fabrication  of  semiconductor  light  emitting 
diodes,  lasers  and  photodiodes  for  the  mid-infrared  region  (2-5  pm)  because  of  their  potential 
applications  in  infrared  gas  sensing  instruments,  molecular  spectroscopy,  night  vision,  thermal 
imaging,  avionics  etc.  [1,2,3].  But  there  are  some  difficulties  in  obtaining  mixed  crystal  III-V 
substrates  for  epitaxial  growth  [4].  It  is  therefore  not  straightforward  to  readily  produce  elegant 
lattice-matched  quantum  well  structures  as  required  for  efficient  laser,  LED  and  photodetector 
operation  at  room  temperature  and  at  wavelengths  beyond  2pm. 

However,  liquid  phase  epitaxy  (LPE)  yields  material  of  a  high  crystalline  quality  in  terms 
of  structural  perfection  owing  to  the  fact  that  it  is  a  near-equilibrium  process  [5].  Its  growth  rates 
are  sufficiently  high  to  permit  the  growth  of  layers  with  thicknesses  up  to  100pm,  which  could  be 
effectively  used  to  grow  a  thick  graded  ternary  or  quaternary  buffer  layer  to  provide  a  "virtual 
substrate"  for  subsequent  device  epitaxy.  This  paper  reports  on  the  possibility  of  growth  of  such 
"virtual  substrates"  using  InGaAs,  InAsSb  and  InAsSbP  epitaxial  layers. 

EXPERIMENTAL  PROCEDURES 

A  conventional  liquid  phase  epitaxy  (LPE)  technique  with  a  horizontal,  multiwell  sliding 
graphite  boat  in  a  Pd-difffised  hydrogen  atmosphere  was  used  for  the  growth  of  various  ternary 
and  quaternary  epitaxial  layers.  The  details  of  the  phase  equilibria  in  InGaAs  [6],  InAsSb  [6]  and 
InAsSbP  [7]  and  the  LPE  procedures  used  in  this  work  have  been  described  previously  elsewhere 
[8,9,10].  The  growth  melts  were  made  up  using  6N's  pure  In  and  Sb  metals  and  undoped 
polycrystalline  InAs  and  InP.  The  solid  composition  of  the  resulting  epitaxial  layers  was  analysed 
using  double  crystal  x-ray  diffraction  (DCXD),  electron  microanalysis  (EDAX)  and 
photoluminescence  (PL).  The  surface  morphology,  interface  quality  and  layer  thickness  were 
examined  by  scanning  electron  microscopy  and  Normarski  interference  microscopy. 

RESULTS  AND  DISCUSSION 

By  using  3-i6“C  melt  supercooling  and  a  cooling  rate  of  0.2°C/min,  we  have  obtained 
high  quality  reproducible  thin  epitaxial  layers  (2-3  pm)  of  InAso  jgSbo  20^0.44 
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figure  1.  The  variation  in  thickness  of  epitaxial  Figure  2  Dependence  of  photoluminciccncc 

layers  with  growth  time.  Symbols  show  measured  intensity  on  measured  layer  thickness, 

data.  The  curves  are  calculated  using  cqn(i )  1 1  S|. 


InAs  [10],  inAso  9]Sbo  o9  lattice-matched  to  GaSb  [11]  and  Ino  qyGaoo^As  lattice-mismatched  to 
InAs  [8],  Those  materials  were  successfully  used  to  fabricate  efficient  2-5nm  LEDs  for  methane 
[12],  CO2  [13]  and  HF  [14]  gas  detection.  By  using  this  as  a  convenient  starting  point,  we 
investigated  the  growth  of  thick  graded  layers  by  prolonging  the  growth  time  and  increasing  the 
cooling  rate. 

Figure  1  shows  the  variation  in  thickness  of  epitaxial  layers  with  growth  time  up  to  60min  for 
fixed  growth  temperature,  supercooling  temperature  and  ramp  rate.  This  relationship  can  be 
explained  quite  well  by  the  diffiision-limited  growth  theory  presented  by  Hsieh  [  1 5]  as  follows: 


d(t)  K(2AT/'2  ^  3/4Rti  2)  ( i ) 

where  <i(t)  is  the  thickness  of  the  epitaxial  layer ,  /  is  the  growth  time,  AC  is  a  coefficient  indicating 
a  growth  rate  dependent  on  the  intrinsic  properties  of  the  solution,  for  example  the  diffusion 
coefficient  of  the  elements,  solute  concentration  and  liquidus  composition  etc.,  AT,  is  the 
supercooling  temperature  and  R  is  the  cooling  rate  Table  1  lists  the  parameters  of  growth  used  in 
our  experiments  and  layer  gradient  analysed  by  PL,  DCXD  and  ED  AX  for  InAsj.^.ySbyPx, 
InAsj.xSbx  and  Ini.^Ga^As  alloys.  We  found  AC=0  025pm/min^^/®C  for  InAsj.^.ySbyP^,  which  is 
much  smaller  than  that  of  InAsj.^Sb;^  and  lUj.^Ga^As.  It  means  the  growth  rate  for  this  quaternary 
is  much  slower  than  the  two  others  and  it  is  probably  limited  by  the  small  diffusion  coefficient 


Table  1:  The  parameters  of  LPE  growth  and  layer  grading  for  0.2*^C/min  temperature  ramp  rate. 
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Change 

(DCXD&EDAX) 

InAS^.^.vSbyPy 

x=«.44,y=0.20 

16 

0.025 

10 

50mcV 

0.2% 

InAsj.^Sbx 

x=0.09 

3 

0.45 

20 

26meV 

0.05% 

Ini.vGavAs 

x=0.03 

7 

0.32 

60 

16meV 

0.12% 

50 


of  phosphorous.  The  lattice  constant  changes  are  small  for  all  these  three  alloys  grown  using  a 
small  (0.2°C/min)  temperature  ramp. 

The  dependence  of  photoluminescence  intensities  on  layer  thickness  are  shown  in  figure  2 
for  these  three  materials.  The  luminescence  intensity  decreases  with  increasing  layer  thickness  for 
both  InAsj.jj.ySbjPx  and  InAs^.^Sb^,  while  PL  intensity  rises  as  the  layer  thickness  increases  for 
Inj.xGa^As.  This  indicates  that  the  layer  qualities  for  InAsj.^.ySbyPx  and  InAsi.^Sbx  become 
poorer,  but  that  of  lOi.^Ga^As  gets  better  as  the  layers  grow.  The  surface  morphology  of  the 
relevant  samples  are  shown  in  figure  3.  The  Smooth  and  mirror-like  surface  of  a  4pm 
InAso  9|Sbo  o9  is  shown  in  figure  3a,  but  it  becomes  rough  with  a  high  texture  when  the  layer  is 
grown  to  20pm  as  shown  in  figure  3b.  The  same  situation  is  found  with  the  InAsj.x.ySbyPx  alloy. 


(c)  (d)  100pm  ' 

Figure  3.  The  surface  morphology  of  IuAsq  9jSbo  09  (4pm)  (a)  and  20pm  (b), 
IriQ  97Gao  03AS  (4pm)  (c)  and  60pm  (d)  epilayers  grown  by  LPE. 
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The  surface  morphology  of  thin  (4iim)  and  thick  (60jim)  Inj.xGa^As  samples  is  shown  in 
figures  3c  and  3d,  respectively.  The  4pm  layer  has  a  definite,  but  fine  cross-hatch  pattern  on  the 
surface  along  the  <01 1>  and  <01  i>  directions,  while  the  cross-hatch  pattern  has  totally  vanished 
on  the  60pm  thick  sample.  It  is  well  known  that  the  cross-hatch  pattern  arises  due  to  the 
generation  of  misfit  dislocations  in  the  vicinity  of  a  material  heterointerface  [16].  The  misfit 
dislocations  present  in  our  thin  Inj.^Ga^As  layer  have  disappeared  and  instead  a  smooth  and  shiny 
surface  is  now  evident  for  the  thick  Ini.^GaxAs  sample,  which  gives  stronger  PL  emission  as 
shown  in  figure  2a. 

To  get  larger  grading,  epitaxial  growth  with  a 
larger  cooling  rate  was  investigated.  Figure  4  shows 
the  x-ray  rocking  curves  obtained  from  the  (400) 
reflection  InAsj.x.vSb^Px  grown  with  three  different 
cooling  rates  and  at  the  same  supercooling 
temperature.  A  lattice  mismatch  of  less  than  200ppm 
was  obtained  from  a  2pm  sample  using  a  cooling  rate 
of  0  2°C/min  as  shown  in  the  bottom  curve.  The  two 
sharp  peaks  indicate  its  good  crystalline  quality  in  this 
thin  layer.  The  other  two  curves  with  larger  lattice 
mismatch  were  measured  from  9  and  10pm  samples 
with  cooling  rates  of  0.5  and  0  8°C/min,  respectively. 
The  cooling  rate  of  0.8°C/min  is  the  maximum  possible 
value  limited  by  our  present  LPE  temperature  control 
system.  The  broad  peaks  on  the  left  of  the  substrate 
peak  show  the  presence  of  grading  in  these  two 
InASj.^.vSbvPx  epitaxial  layers.  The  measured  change 
in  lattice  constant  is  0,33%,  in  comparison  with  0.20% 
obtained  from  the  1 0pm  layer  with  the  cooling  rate  of 

0.2°C/min  for  InAsi.x-ySbyP^. 

To  get  further  grading,  a  very  large  temperature  cooling  rate  of  approximately  80°C/min 
was  obtained  by  sweeping  the  furnace  off  immediately  after  contacting  the  substrate  with  the 
growth  melt.  A  50pm  Inj.^GaxAs  layer  was  successfully  obtained  by  growing  for  3min  using  this 
technique.  However,  so  far  we  have  failed  to  grow  InAsj.x.ySb^Px  and  InAsi.^Sb^  in  this  way. 
Figure  5  shows  the  variation  in  solid 
composition  with  the  layer  thickness  for  two 
thick  In,.xGaxAs  samples  using  the  cooling 
rates  of  0.2  and  80°C/min,  respectively.  The 
compositions  were  measured  by  EDAX  from 
cross-sections  of  the  samples.  The  gallium 
composition  increases  only  10%  from  0.045  to 
0.050  while  the  cooling  rate  increases  about 
400  times.  This  is  probably  due  to  the 
temperature  of  substrate  and  the  growth  melt 
inside  the  boat  not  changing  as  quickly  as  the 
outside  of  the  boat  during  this  short  (3  mins) 
growth  time.  The  corresponding  change  of 
lattice  constant  in  the  alloy  is  about  0.18% 

( i.e.  a„=  6.0381  A)  calculated  from  the  50pm 


Figure  S.  Mee-sured  w)lid  oamposilinn  dqiendenoe  of  the 
la)'er  thkiness  for  InCraAs  grown  on  InAs  liy  LPH. 


Figure  4.  X-ray  rocking  curves  for  InAsSbP 
epilayers  grown  on  InAs  by  LPE  using 
different  growth  conditions. 
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Irij.j^GaxAs  layer  grown  with  a  cooling  rate  of  80°C/min,  in  comparison  with  0.12%  (  i.e.  3^= 
6.0402A)  obtained  from  the  60pm  layer  with  a  cooling  rate  of  0.2°C/min  for  Inj.^GaxAs.  Gallium 
in  In-rich  InGaAs  melts  has  a  high  segregation  coefficient  [17]  and  is  therefore  rapidly 
incorporated  into  the  growing  solid.  If  growth  continues  further,  then  Ga  depletion  from  the  melt 
occurs  and  the  epitaxial  layer  composition  reverts  back  towards  that  of  InAs  [18].  At  room 
temperature,  the  lattice  parameters  of  the  binaries  InAs  (6.0584A)  and  GaAs  (5.6533A)  are 
different  by  6.67%.  By  using  the  LPE  grading  technique  we  were  able  to  produce  an  InGaAs 
virtual  substrate  having  a  good  surface  morphology  and  with  a  lattice  parameter  of  6.0381  A,  This 
represent  a  shift  of  approximately  5%  of  the  total  range  in  the  InGaAs  system  away  from  InAs. 

CONCLUSION 

The  crystalline  quality  and  PL  efficiency  of  lattice-mismatched  Ini.^Ga^As  (x=0.03) 
epitaxial  layers  grown  on  InAs  by  LPE  is  increased  as  the  layer  thickness  increases.  A  50pm 
IriQ  95Gaoo5As  epilayer  with  a  smooth  and  mirror-like  surface  morphology  was  successfully 
obtained  using  a  cooling  rate  of  80°C/min,  which  could  be  used  as  a  "virtual  substrate"  for 
subsequent  device  epitaxy.  The  gallium  concentration  could  be  further  increased  by  growing 
multiple  graded  layers.  However,  InAsi.^.ySbyPx  and  InAs^.^Sb^  epilayers  which  were  initially 
lattice-matched  to  the  substrate  interface  behave  differently  and  the  quality  of  these  layers 
deteriorated  as  the  layer  thickness  was  increased.  We  conclude  that  it  is  necessary  to  use  slightly 
mismatched  epitaxial  layers  and  rather  high  melt  cooling  rates  in  order  to  obtain  a  significant 
grading  of  lattice  parameter.  Work  is  in  progress  to  extend  the  available  range  of  lattice 
parameters  using  these  grading  techniques  for  virtual  substrates. 
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ABSTRACT 

Gai-xInxAsySbi-y  (0.06  <  x  <  0.18,  0.05  <  y  <  0.14)  epilayers  were  grown  lattice- 
matched  to  GaSb  substrates  by  low-pressure  organometallic  vapor  phase  epitaxy  (OMVPE) 
using  triethylgallium,  trimethylindium,  tertiarybutylarsine,  and  trimethylantimony.  These 
epilayers  have  a  mirror-like  surface  morphology,  and  exhibit  room  temperature 
photoluminescence  (PL)  with  peak  emission  wavelengths  (^.p^ooK)  out  to  2.4  p.m.  4K  PL 
spectra  have  a  full  width  at  half-maximum  of  11  meV  or  less  for  Xp,4K  <  2.1  pm  (^,300K  =  2.3 
um).  Nominally  undoped  layers  are  p-type  with  typical  300K  hole  concentration  of  9  x  10i5  cm- 
J  and  mobility  ~  450  to  580  cm^A'^-s  for  layers  grown  at  575°C.  Doping  studies  are  reported  for 
the  first  time  for  GalnAsSb  layers  doped  n  type  with  diethyltellurium  and  p  type  with 
dimethylzinc.  Test  diodes  of  p-GalnAsSb/n-GaSb  have  an  ideality  factor  that  ranges  from  1.1  to 
1.3.  A  comparison  of  electrical,  optical,  and  structural  properties  of  epilayers  grown  by 
molecular  beam  epitaxy  indicates  OMVPE-grown  layers  are  of  comparable  quality. 

INTRODUCTION 

Thermophotovoltaic  (TPV)  power  generation  involves  the  conversion  of  thermal  energy 
to  electrical  energy  through  the  use  of  photovoltaic  cells.  Recent  developments  of  these  systems 
are  based  on  thermal  sources  which  operate  in  the  temperature  range  1100  to  1500K  [1].  For 
high  conversion  efficiency,  the  cutoff  wavelength  of  the  photovoltaic  cell  should  closely  match 
the  peak  in  emissive  power  of  the  thermal  source,  which  for  this  temperature  range  corresponds 
to  1.9  to  2.6  pm.  Consequently,  the  cells  will  be  based  on  low-bandgap  semiconductor  materials. 
For  example,  InGaAs  grown  on  InP  substrates  has  been  pursued  with  some  success.  However, 
the  alloy  composition  that  satisfies  this  wavelength  range  is  lattice  mismatched  to  the  InP 
substrate,  and  the  device  performance  is  limited  by  crystalline  defects  [2].  Alternatively,  the 
Gai-xInxASySbi.y  quaternary  alloy,  with  energy  gap  adjustable  in  the  wavelength  range  from  1.7 
to  4.2  pm,  can  be  grown  lattice  matched  to  GaSb  substrates.  Stable  alloys  with  a  cutoff 
wavelength  of  2.39  pm  have  been  grown  by  liquid  phase  epitaxy  (LPE)  [3].  Although  this  alloy 
system  exhibits  a  miscibility  gap  beyond  2.4  pm  [4,5],  metastable  alloys  have  been  grown  by 
organometallic  vapor  phase  epitaxy  (OMVPE)  [6]  and  molecular  beam  epitaxy  (MBE)  [7,8]. 
Therefore,  the  Gai-xInxAsi.ySby  alloys  are  of  particular  interest  for  TPV's.  Unfortunately,  there 
are  only  limited  results  of  both  electrical  and  optical  properties  of  these  alloys  grown  by  either 
MBE  or  OMVPE,  and  no  systematic  doping  studies  have  been  performed. 

In  this  paper,  we  report  the  growth  of  Gai-xInxAsySbi.y  alloys  by  OMVPE  using 
triethylgallium  (TEGa),  trimethylindium  (TMIn),  tertiarybutylarsine  (TBAs),  and 
trimethylantimony  (TMSb)  as  precursors.  This  combination,  which  is  examined  for  the  first 
time,  is  selected  because  of  the  low  pyrolysis  temperature  of  TEGa  and  TBAs  compared  to 
trimethylgallium  and  AsHa,- which  were  used  in  previous  studies  [6,9].  Doping  studies  were 
performed  with  dimethyzinc  (DMZn)  as  the  p-type  dopant  and  diethyltellurium  (DETe)  as  the  n- 
type  dopant.  The  electrical,  optical,  and  structural  properties  of  the  Gai-xInxA^Sbi.y  alloys  are 
presented.  For  comparison,  a  limited  number  of  layers  was  also  grown  by  MBE,  which  has  been 
extensively  used  for  the  growth  of  high-performance  mid-infrared  lasers  [10]. 
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EPITAXIAL  GROWTH,  CHARACTERIZATION,  AND  DIODE  FABRICATION 

Gai.xInxAsySbi^  epilayers  were  grown  on  Te-doped  GaSb  or  semi-insulating  (SI)  GaAs 
substrates  oriented  2°  off  (100)  toward  (1 10).  A  vertical  rotating-disk  reactor  with  H2  carrier  gas 
at  a  flow  rate  of  10  slpm  and  reactor  pressure  of  150  Tort  was  used  [11].  Solution  TMIn,  TEGa, 
TBAs,  and  TMSb  were  used  as  precursors  with  DETe  (50  ppm  in  H2)  and  DMZn  (10(X)  ppm  in 
H2)  as  n-  and  p-type  doping  sources,  respectively,  TEGa,  TBAs.  and  TMSb  were  selected  as  the 
organometallic  precursors  based  on  their  low  pyrolysis  temperatures  and  minimal  tendency 
toward  adduct  formation  [12].  The  total  group  III  mole  fraction  was  typically  3.5  to  4  x  10^ 
which  resulted  in  a  growth  rate  of  -2.7  pm/h.  The  V/III  ratio  was  varied  from  0.9  to  1.7.  The 
growth  temperature  was  575°C  for  most  layers,  with  some  layers  grown  at  525  or  550°C. 

For  MBE  growth,  Ga,  In,  Sb4,  and  As2  fluxes  were  used  with  As2  provided  by  a  valved 
As  cracker  as  described  previously  [8].  Layers  were  grown  on  (100)  Te-do^  GaSb  or  SI  GaAs 
substrates.  The  growth  temperature  was  500  to  510°C,  and  the  growth  rate  was  -  1  pm/h.  Be 
was  used  as  the  p-type  dopant,  and  GaTe  as  the  n-type  dopant. 

The  surface  morphology  was  examined  using  Nomarski  contrast  microscopy.  Double- 
crystal  x-ray  diffraction  (DCXD)  was  used  to  evaluate  the  structural  quality  and  degree  of  lattice 
mismatch  to  GaSb  substrates.  Photoluminescence  (PL)  was  measured  at  4  and  300K.  The 
composition  of  epilayers  was  determined  from  DCXD  splitting,  the  peak  emission  (Xp,3(x)K)  in 
PL  spectra,  and  the  energy  gap  dependence  on  composition  based  on  the  binaiy  bandgaps  [13]: 

E(x,y)  =  0.726  -  0.961x  -  0.501y  +  0.08xy  +  0.415x2  +  l.2y2  +  0.021x2y  -  0.62xy2, 
where  y  =  0.867(x)/(l  -  0.048x),  the  condition  for  lattice  matching  to  GaSb. 

For  electrical  measurements,  a  GaSb  buffer  layer  of  various  thicknesses  was  first  grown 
on  SI  GaAs  substrates  at  550®C  (510°C  and  0.5  pm  thick  for  MBE  growth),  followed  by  the 
GalnAsSb  epilayer,  which  was  grown  at  least  3  pm  thick.  Carrier  concentration  and  mobility 
were  obtained  from  Hall  measurements  based  on  the  van  der  Pauw  method.  For  diode 
characterization,  ohmic  contacts  to  p-  and  n-GaSb  were  formed  by  depositing  Ti/Pt/Au  and 
Au/Sn/Ti/Pt/Au,  respectively,  and  alloying  at  300®C.  The  current-voltage  (I-V)  characteristics 
were  measured  on  500  x  500  pm  devices  which  were  formed  by  cleaving. 

RESULTS 

The  surface  morphology  is  sensitive  to  the  V/III  ratio,  as  similarly  reported  for  GaSb 
layers  [12].  Figure  1  shows  the  effect  of  V/III  ratio  on  the  morphology  of  2-pm-thick 
Gao.88lno.i2Aso,iSbp.9  layers  grown  lattice  matched  to  the  GaSb  substrate  (A^a  <  1.5  x  llj-^)  at 
575°C.  Below  the  minimum  V/III  ratio  of  1.05,  a  metal-rich  surface  is  obtained  and  the  layer  is 
hazy  to  the  eye.  Increasing  the  V/ni  ratio  above  this  minimum  value,  the  morphology  is  mirror- 
like  to  the  eye.  However,  Nomarski  contrast  microscopy  revealed  a  wavy  texture  as  the  V/III 
ratio  increased  to  1.35  and  higher,  indicating  the  necessity  for  precise  V/III  control.  A  slightly 
smoother  morphology  could  be  obtained  by  reducing  the  growth  temperature  to  550  or  525X. 
For  these  layers,  the  minimum  V/III  ratio  increased  to  1.15  and  1.25,  respectively. 


vyiHso.9  vyiiisi.o5  v/Msi.66 

Figure  1 .  Surface  morphology  of  Gao.ssino.  12 Aso.  1  Sbo.9  epilayers  ^2ojjim 

grown  on  GaSb  substrates  at  575®C  and  various  V/III  ratios. 
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The  lattice  mismatch  of  Gai.xInxAsySbi.v  layers  is  dependent  on  the  partial  pressure 
ratio  TBAs/(TBAs+TMSb),  For  layers  grown  at  575°C,  Figure  2  shows  the  x-ray  splitting  as  a 
function  of  H2  flow  through  the  TBAs  bubbler.  In  these  experiments,  III  =  3.9  x  lO^  mole 
fraction,  V/III  ~  1.15  and  TBAs/(TBAs+TMSb)  varied  from  0.0830  to  0.1 174.  The  data  indicate 
excellent  controllability  of  lattice-match  conditions  with  the  use  of  TBAs.  The  DCXD  scan 
shown  in  Figure  3  for  a  2-)xm-thick  Gao.9Ino.1Aso.O8Sbo.92  layer  has  a  narrow  full  width  at  half¬ 
maximum  (FWHM)  of  21  arc  sec  which  is  comparable  to  FWHM  =  22  arc  sec  for  the  GaSb 
substrate,  indicating  the  excellent  structural  quality  of  this  layer. 


Figure  2.  Dependence  of  lattice  mismatch  of  Figure  3.  Double-crystal  x-ray  diffraction 
GalnAsSb  epilayers  grown  at  575®C  on  scan  of  Gao.9Ino.lAso.08Sbo.92  grown  on 
GaSb  substrates  as  function  of  TBAs  flow.  GaSb. 

Figure  4  shows  PL  spectra  measured  at  4K  for  lattice-matched  Gai-xInxAsySbi-y  layers 
of  three  different  compositions.  The  layers  with  at  1745  and  1860  nm,  which  were  grown 
at  575°C,  have  FWHM  of  7.8  and  9  meV,  respectively.  The  layer  with  A,p,4K  =  2082  nm,  grown 
at  525°C,  has  FWHM  =11.2  meV  which  is  smaller  than  previously  reported  for  layers  in  a 
similar  wavelength  range  grown  by  OMVPE  [14].  All  values  are  comparable  to  those  for  layers 
grown  in  this  study  by  MBE,  which  have  FWHM  =  8  and  11  meV  for  X,n4K=  1995  and  2180 
nm,  respectively.  For  GalnAsSb  grown  by  LPE,  FWHM  =  9  meV  for  Ap,4K=  2112  nm  was 
reported  [15]. 


1600  1800  2000  2200  2400 


WAVELENGTH  (nm) 

Figure  4.  Photoluminescence  spectra  measured  at 
4K  of  GalnAsSb  layers  grown  on  GaSb  substrates. 
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The  PL  spectra  measured  at  300K  of  the  layers  shown  in  Figure  4  had  Xp  300K  =  1920, 
2045,  and  2296  nm.  The  longest  ^,3ook  observed  in  this  study  was  2396  nm.  kowever,  the 
surface  morphology  of  this  layer  exhibited  a  wavy  texture  under  Nomarski  contrast  microscopy. 
In  addition,  the  4K  PL  spectra  showed  emission  at  a  longer  wavelength  (2432  nm),  suggesting 
that  this  transition  may  be  impurity-  or  defect-related. 

The  electrical  properties  measured  at  300K  of  nominally  undoped  Gao.ggino  12  As©  iSbo9 
layers  grown  on  SI  GaAs  substrates  at  575°C  and  V/III  =  1.15  are  shown  in  Figure  5  as  a 
function  of  GaSb  buffer  layer  thickness.  Since  the  lattice  mismatch  between  Gai.xInxAsySbi.y 
(lattice  matched  to  GaSb)  and  GaAs  is  8%,  growth  was  first  initiated  with  a  GaSb  buffer  layer 
grown  at  550°C.  All  layers  are  p  type  and  the  electrical  properties  are  greatly  improved  by  the 
GaSb  buffer  layer.  Those  layers  containing  a  buffer  layer  of  0,4  pm  or  greater  have  a  typical 
hole  concentration  of  -9  x  10^^  cm*^  and  hole  mobility  ~  450  to  580  cm^/V-s.  Nominally 
undoped  GalnAsSb  layers  grown  by  MBE  in  this  study  were  p  type  with  a  hole  concentration  of 
2  X  10  cm’3  and  mobility  of  ~  300  cm^A^-s, 


Figure  5  Electrical  properties  measured  at  300K  of  nominally  undoped 
Gao.ggino.  12  Aso.iSbo.9  as  a  function  of  GaSb  buffer  layer  thickness. 


The  electrical  properties  of  Ga0.9In0.1As0.08Sb0.92  layers  grown  at  575®C  and  doped 
with  DETe  and  DMZn  are  shown  in  Figure  6.  The  electron  concentration  measured  at  300K 
ranged  from  3,4  x  10^“^  to  2.05  x  10^^  cm‘3,  with  corresponding  mobility  values  of  4640  and 
1460  cm^A^-s,  respectively.  For  p-GalnAsSb,  the  hole  concentration  measured  at  300K  ranged 
from  7.8  x  10*6  ^  1.5  x  10**  cm-3  with  corresponding  mobility  values  of  430  and  2W  cm^A^-s, 
respectively.  For  MBE-grown  layers,  the  maximum  electron  concentration  that  has  been 
obtained  is  1.9  x  10**  cm'^  with  a  mobility  of  2280  cm^A^-s,  and  the  maximum  hole 
concentration  is  5.2  x  10*^  cm*3  with  a  mobility  of  50  cm^A^-s. 
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Figure  6.  Electrical  properties  measured  at  300K  of  Te-  and  Zn-doped  Gao.9Ino.1Aso.08Sbo.92. 
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Test  structures  that  consist  of  p-Gao.9Ino.1Aso.08Sbo.92/n-GaSb  substrate  were  grown  to 
evaluate  junction  characteristics.  With  p  <  2  x  10 cm-^,  the  diode  ideality  factor  ranged  from 
1.1  to  1.3  for  a  current  density  of  0.01  to  1  A/cm^.  An  increase  in  the  ideality  factor  was 
observed  for  diodes  fabricated  from  structures  with  higher  hole  concentrations,  which  may  be 
related  to  tunnelling  [16]. 

CONCLUSIONS 

GalnAsSb  epilayers  which  span  the  wavelength  range  from  1.9  to  2.4  pm  were  grown 
lattice  matched  to  GaSb  substrates  by  OMVPE  using  TEGa,  TMIn,  TBAs  and  TMSb.  High- 
quality  layers  were  grown  with  excellent  lattice-matching  control  with  TBAs  as  the  arsenic 
source.  The  structural  quality  is  comparable  to  the  GaSb  substrate  as  determined  by  DCXD. 
These  layers  exhibit  narrow  PL  FWHM  comparable  to  MBE-grown  layers.  A  low  background 
concentration  of  p  =  9  x  10^^  cm‘3  was  obtained  for  layers  grown  at  575°C.  The  first  n-  and  p- 
doping  studies  are  reported  for  these  quaternary  layers  grown  by  OMVPE  or  MBE.  The  present 
results  suggest  that  OMVPE  is  promising  for  the  growth  of  TPV  structures. 
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ABSTRACT 

A  large  number  of  4  inch  (100  mm)  diameter  1-2  pm  thick  InSb  films  have  been  grown 
on  GaAs  by  low  pressure  metalorganic  chemical  vapor  deposition  (MOCVD)  turbo  disk 
technology.  Raman  scattering  microscopy  was  used  to  study  the  effects  of  III-V  source  ratios  on 
the  film  crystalline  quality  and  to  optimize  the  growth  parameters.  Multi-point  Raman 
measurements  over  the  entire  4”  wafer  were  performed  to  exhibit  the  uniformity  distribution  of 
the  film  crystalline  quality.  A  FTIR  reflectance  mapping  system  has  been  established  to  map  the 
film  thickness  distribution.  Good  uniformity  of  the  film  thickness  and  crystalline  perfection  was 
obtained.  Raman  and  FTIR  are  showing  useful  tools  for  non-destructive  characterization  of  large 
area  wafers  for  industrial  mass  production. 


INTRODUCTION 

InSb  has  the  highest  electron  mobility  and  narrowest  band  gap  among  III-V  compound 
semiconductors  and  is  attractive  for  applications  in  the  high  speed  electronic  and  optoelectronic 
devices  in  the  infrared  [1,2].  Various  growth  techniques  have  been  applied  to  grow  InSb  on 
GaAs,  including  molecular  beam  epitaxy  (MBE)  [3,4],  liquid  phase  epitaxy  (LPE)  [5], 
magnetron  sputter  epitaxy  [2],  plasma-assisted  epitaxy  [6],  atmosphere  pressure  and  low  pressure 
metalorganic  vapor  phase  epitaxy  (MOVPE)  or  metalorganic  chemical  vapor  deposition 
(MOCVD)  [7-17].  Recently,  interests  in  large  size  and  multi-wafer  growth  of  InSb  films  on 
GaAs  substrates  are  increasing  for  industrial  infrared  applications,  and  MOCVD  is  recognized  to 
be  a  suitable  technology  for  increasing  industry  mass  production  of  InSb  and  other  III-V 
materials  [10,  14, 17]. 

Materials  characterization  for  InSb  films  grown  on  GaAs  substrates  is  critical.  The  large 
lattice  mismatch  of  ~14.5%  between  InSb  and  GaAs  [18]  results  in  a  high  density  of  dislocation 
near  the  interface  of  InSb/GaAs  that  can  propagate  throughout  the  entire  InSb  film.  A  great  deal 
of  effort  has  been  made  to  improve  the  InSb  film  crystalline  quality  by  optimizing  the  various 
growth  conditions,  such  as  III-V  ratios,  pressure,  growth  temperature,  growth  rate,  film  thickness 
and  so  on  [7-17].  Traditionally,  the  industry  produced  InSb  films  are  routinely  characterized  by 
Hall  measurements.  X-ray  diffraction,  scanning  electron  microscopy  (SEM)  etc.  [7-17].  More 
characterization  technologies  are  needed  for  the  routine  characterization  of  InSb  films,  in 
particular  those  non-destructive  methods  suitable  for  large  diameter  wafer,  produced  in  the 
industry  environment. 
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Raman  scattering  is  an  non-dcstnictivc  and  powerful  technology  for  the  study  of 
semiconductor  materials,  and  Raman  measurements  may  offer  information  on  the  sample 
crystalline  quality,  impurity  and  defects,  stress  and  strain,  optimization  of  crystal  growth 
parameters  and  other  properties  [19].  In  this  study,  we  applied  Raman  scattering  to  assess  the 
effects  of  III-V  ratios  in  the  growth  of  the  MOCVD-grown  InSb  films  on  GaAs  and  the 
crystalline  perfection  over  4”  (100  mm)  InSb  film  wafers. 

The  determination  of  InSb  epitaxial  film  thickness  and  distribution  over  the  entire  layer  is 
critical  in  the  epilayer  growth,  especially  in  the  case  of  large  diameter  wafer  production.  SEM  is 
usually  employed  to  measure  the  InSb  film  thickness  in  the  industry  [10,14],  which  is  destructive 
and  not  convenient  for  industry  production.  Because  of  the  narrow  band  gap  nature  of  InSb,  no 
reflectance  interference  fringes  appear  in  the  ultra-violet  (UV)  to  visible  wavelength  range  from 
the  InSb/GaAs  heterostructure.  However,  we  have  found  that  reflectance  interference  fringes 
from  InSb/GaAs  can  be  observed  in  the  infrrared  (IR)  wavelength  range  of  800-8000  cm**,  or  1 .2- 
12  pm.  In  this  study,  we  present  our  primary  results  of  using  a  Fourier  transform  infrared  (FTIR) 
spectrometer  in  combination  with  a  mapper  to  measure  the  InSb  film  thickness  and  map  its 
distribution  over  the  entire  4”  wafer. 

EXPERIMENT 

InSb  layers,  1.4- 1.6  pm  thick,  were  grown  on  semi-insulating  GaAs  (100)  substrates  with 
2®  off  towards  <1 10>  by  low  pressure  (LP)  MOCVD  utilizing  a  vertical  configuration  and  a  high 
speed  rotating  disk  (180  mm  in  diameter)  reactor  [6,14].  Trimethylindium  (TMIn)  and 
Tris(dimethylamino)antimony  (TDMASb)  were  used  as  In  and  Sb  sources,  respectively,  both 
held  at  20®C,  and  with  the  bubbler  pressures  of  400  Torr  for  TMIn  and  323  Torr  for  TDMASb. 
Hydrogen  acted  as  carrier  gas  and  the  pyrolysis  growth  temperature  was  395°C.  After  growth  the 
samples  were  first  characterized  by  sheet  resistivity  and  Hall  measurements,  scanning  electron 
microscopy  (SEM)  and  double  crystal  x-ray  diffraction  (DCXRD)  to  be  confirmed  with  mirror¬ 
like  surface,  good  electrical  properties  with  mobility  beyond  40,000  cm^A^  s  and  carrier 
concentration  around  8x10**  cm*^,  and  high  crystalline  quality  with  the  DCXRD  width  better 
than  200  arc-seconds  [10].  These  data  are  not  presented  in  this  paper,  which  is  for  optical  study 
only,  and  we  will  try  to  set  up  the  correlations  between  the  optical  properties  and 
structural/electrical  properties  in  a  future  paper. 

Room  temperature  (RT)  Raman  scattering  was  measured  using  a  Renishaw  1000  Raman 
microscope.  The  sample  (4”  wafer)  was  placing  on  a  X-Y-Z  stage,  easily  movable  for  multi¬ 
point  measurements.  The  excitation  laser  beam  of  He-Ne  633  nm  was  focusing  on  the  sample 
surface  with  a  spot  size  of  1-2  pm.  The  system  spectral  resolution  was  better  than  2  cm’*. 

A  Bio-Rad  175C  Fourier  transform  infrared  (FTIR)  spectrometer  and  a  Pike  MappIR 
wafer  testing  system  were  used  to  perform  the  FTIR  spectral  acquisition,  mapping  and  thickness 
fitting.  The  spectral  range  was  scanned  between  800-7500  cm  *  with  a  resolution  of  16  cm*‘. 


RESULTS  AND  DISCUSSION 

Effccta  of  IIW  ratio 

IIW  source  ratio  has  an  important  influence  on  the  resulting  epitaxial  InSb  films. 
Ohshima  et  al.  [6]  have  studied  the  effect  of  Sb/In  supply  ratio  on  the  electrical  properties  of 
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InSb  layers  grown  on  (100)  semi-insulating  GaAs  at  various  substrate  temperature  and  rf  powers 
by  plasma-assisted  epitaxy  technique.  Behet  et  al.  [12]  studied  the  dependence  of  InSb  growth 
rate  on  V/III  ratio  in  low-pressure  (20  hPa)  plasma  MOVPE  with  triethylantimony  (TESb)  as  Sb- 
precursor.  We  are  utilizing  Raman  scattering  to  investigate  the  effect  of  III-V  ratio  on  the 
crystalline  quality  of  MOCVD-grown  InSb  films. 

Figure  1  shows  Raman  spectra  of  five  InSb/GaAs  with  different  IIW  ratios  of  3.91,  3.98, 
4.20,  4.78  and  5.38,  respectively.  The  other  growth  parameters  are  the  same.  For  the  (100) 
surface  of  a  zincblende  crystal,  the  longitudinal  optical  (LO)  phonon  is  allowed  and  the 
transverse  optical  (TO)  phonon  is  forbidden  in  the  backscattering  geometry  [19].  Therefore,  the 
line  shape  of  the  LO  mode,  and  the  intensity  ratio  between  TO  and  LO  modes  can  be  adopted  as 
a  merit  of  figure  of  the  crystalline  perfection  of  InSb  epitaxial  films  [18,19].  Also,  the 
appearance  and  the  strength  of  the  second  order  LO  phonon  mode  are  also  used  to  characterize 
the  crystalline  quality  of  InSb  [18,20].  Table  I  lists  the  main  data  of  these  five  samples,  obtained 
from  measured  spectra  in  Fig.  1,  including  the  phonon  frequencies  of  colo  for  InSb  LO  mode, 
cojo  for  TO  and  CO2L0  for  2nd  order  InSb  LO,  the  full  width  at  half  maximum  (FWHM)  for  the 
LO  mode,  peak  intensity  ratio  between  the  TO  and  LO  modes,  Ito^Ilo-  If  oan  be  seen  that  all  the 
samples  have  sharp  LO  phonon  modes  with  the  FWHM  values  less  than  6  cm’’  and  the  second 
order  InSb  LO  mode  clearly  detected,  implying  the  good  crystalline  quality.  Poor  quality  InSb 
films  do  not  satisfy  these  two  conditions  in  our  practice. 

100  150  200  250  300  350  400 


Figure  1  Raman  spectra  of  five  MOCVD- 

grown  InSb/GaAs  with  different  Ill/V  ratio, 
taken  at  SOO  K  and  excited  by  633  nm. 


Table  I  Numerical  data  from  Raman  spectra  of 
five  InSb/GaAs  with  different  III/V  ratios 

_  I 

III/V  ©LO  ®TO  FWHM  Ito/Ilo  ®2L0  ^ 

z 

sample  (cm’*)  (cm'*) 


IA376  3.91  188.8  178.2  5.60  0.33  379.9 

IA380  3.98  188.5  177.8  5.63  0.22  379.6 

IA373  4.20  190.7  180.1  5.38  0.13  381.9 

IA370  4.78  190.9  180.1  5.03  0.16  382.0 

IA371  5.38  190.9  180.0  5.48  0.15  381.8 

-  100  150  200  250  300  350  400 

RAMAN  SHIFT  (cm’'') 


The  samples  IA376  and  IA380  with  the  lower  III/V  ratio  of  3.91  and  3.98  possess  the  two 
strongest  forbidden  TO  mode  intensity  ratios  and  widest  LO  mode  widths  among  these  five 
samples.  Fig.  1  (b)  for  I  A3  80  has  also  shown  extra  defect-related  features  near  150  and  120  cm’ 
*.  These  facts  indicate  that  the  low  III/V  ratio  below  4.0  failed  to  produce  high  quality  InSb 
films.  IA371  with  the  high  III/V  ratio  of  5.38  has  a  low  Ijc/Ilo  of  0.15  but  also  a  high  LO 
FWHM  value  of  5.48  cm’*,  only  slightly  less  than  that  of  IA376  and  IA380.  Therefore,  it  seems 
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also  not  good  with  a  too  high  IIW  ratio.  IA373  (IIW=4.20)  has  a  LO  FWHM  of  5.38  cm*‘  and 
a  low  Ito/Ilo  of  0.13  while  IA370  (11^=4.78)  has  a  lowest  LO  FWHM  of  5.03  cm*‘  and  a 
Ito^^lo  of  0.16.  Because  the  difference  between  two  FWHM  values  is  more  obvious  than  that 
between  two  Ito^lo.  we  choose  the  IIW=4.78  as  the  optimum  value  of  this  set  of  sample. 

Multi-point  Raman  measurement  over  the  4”  wafer 

Figure  2  shows  the  9-points  Raman  spectra  of  a  4”  InSb  epitaxial  wafer,  IA352.  The  TO 
mode  appears  as  a  shoulder  of  the  InSb  LO  mode  only,  and  we  perform  Lorentz  fits  on  the 
Raman  spectra  ranging  between  170-410  cm*'  (not  shown)  to  dcconvolute  and  distinguish  well 
the  LO,  TO,  2LO  and  2TO  modes.  Table  II  lists  the  resulted  numerical  data,  including  the  mode 
peak  frequency,  full  width  at  half  maximum  (FWHM),  integrating  intensity  ratios  between  TO 
and  LO,  and  between  2LO  and  ILO,  for  nine  spots  over  the  4”  wafer  area.  We  obtained  the 
following  results: 


o)lo“190.0±0.1  cm*', 
(O2lo~380. 9+0.1  cm  *, 


coto=179.9±0.2  cm*‘, 
Itc/1lo(®^^)^*03+0.0  1 , 


FWHMlo=6.9±0.2  cm', 
l2Lo/lLo(area)=0.073±0.004, 


Table  II  Numerical  data  from  9-point  Raman 
spectra  of  a  4"  InSh/GoAs,  IA152. 


©LO  FWHMlo  ®T0  ItO^LO  ®2L0 

I2Lc/1lO 

spot  (cm')  (cm*') 


a)  190.09  6.74  180.22  0.022  380.96  0.070 

b)  189.91  7.05  179.99  0.021  380.84  0.075 

c)  190.03  6.79  179.69  0.026  380.77  0.073 

d)  189.88  7.05  179.81  0.025  380.93  0.077 

e)  190.03  6.90  179.78  0.038  380.88  0.073 

f)  189.85  7.11  180.00  0.029  380.87  0.068 

g)  190.10  6.72  179.82  0.042  380.82  0.070 

h)  189.92  6.98  179.80  0.033  380.83  0.073 

i)  189.92  6.98  179.93  0.038  380.82  0.073 
Average 

189.98  6.92  179.89  0.030  380.86  0.073 
error  bar 

0.12  0.20  0.23  0.010  0.10  0.004 


Figure  2  RT  Raman  scattering  spectra 
over  nine  points  of  a  4”  MOCVD-grown 
InSb/GaAs.  IA352. 
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To  shorten  the  data  acquisition  time,  we  used  a  wider  spectral  slit  than  in  Fig.  1,  leading 
to  broader  FWHM  values.  But  the  resulted  uniformity  is  not  affected.  These  data  show  that  the 
experimental  film  is  of  high  quality  and  high  uniformity  over  the  4”  wafer  area  and  they  are  used 
as  a  merit  of  figure  of  the  crystalline  perfection  of  our  MOCVD-grown  InSb  films.  For  example, 
the  variation  of  the  LO  FWHM,  which  is  an  important  indication  of  the  crystalline  quality  similar 
to  the  case  of  PL  major  peak  FWHM,  over  the  4”  wafer  is  only  0.2  cm'\  indicting  a  good 
uniformity. 


We  have  also  applied  the  Fourier  transform  infrared  (FTIR)  reflectance  technology  for 
the  non-destructive  measurement  and  mapping  of  the  epitaxial  film  thicknesses  over  the  entire  4” 
wafer.  Figure  3  shows  an  example  of  a  4”  InSb  film  epitaxied  on  GaAs.  The  right  side  in  the 
figure  displays  the  FTIR  reflectance  spectra  in  the  wavenumber  range  of  800-6500  cm*‘. 
Although  signals  from  water  vapor,  C-H  and  O-C-0  bands  were  observed,  all  the  spectra  showed 
clear  interference  fringes,  the  peak  or  valley  positions  were  used  to  calculate  the  film  thickness 
by  computer.  The  left  side  in  Fig.  3  shows  the  obtained  thickness  distribution  over  25  points  of 
the  wafer.  Over  the  4”  (100  mm)  diameter  wafer  area  with  a  5  mm  edge  exclusion,  we  obtain: 
the  average  film  thickness  =  1 .43  pm,  standard  deviation  =  0.02  pm,  and  uniformity  =  1 .4%. 


InSb  IA640 

(mlcroro) 


0  Q  0 

Q  Q 

0  Wq 

■0  0  Q  Q  Q  Q  0 

0  P)  © 

■  0  ®  © 

■  ©  0  0 


Average=1.43  lam 
Standard  deviation=0.019  lun 
uniform  ity=1. 4% 


Figure  3  FTJR  spectra  of  25  points  and  calculated  film  thickness  map  over  a  4”  (100  mm) 
InSb/GaAs,  IA640,  with  an  edge  exclusion  of  5  mm. 


CONCLUSIONS 

We  have  demonstrated  our  results  on  the  optical  characterization  and  mapping  of  4”  InSb 
films  epitaxied  on  GaAs.  Raman  spectroscopy  was  used  successfully  to  study  the  effects  of  IIIW 
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source  ratios  and  to  optimize  the  growth  parameters.  Multi<point  Raman  measurements  was 
utilized  to  assess  the  InSb  crystalline  perfection  over  the  4”  wafer  area.  The  obtained  distribution 
values  of  the  InSb  LO  phonon  mode  frequency,  full  width  at  half  maximum  (FWHM),  relative 
integrated  intensity  ratio  between  the  forbidden  and  defect-related  TO  phonon  and  the  allowed 
LO  mode  are  adopted  as  figures  of  merit  for  the  quality  of  the  InSb  films.  We  have  set  up  a  FTIR 
reflectance  mapping  system  to  measure  the  film  thickness  distribution  and  our  InSb  films  possess 
good  uniformity  with  differences  less  than  ‘-'1.4%  over  4”  area,  by  25  points  mapping.  Our 
results  show  that  MOCVD  turbo  disk  technology  is  capable  to  produce  high  quality  and  high 
uniformity  large  area  (4”)  far  infrared  InSb  epitaxial  materials,  and  that  Raman  and  FTIR  are 
very  usehil  tools  for  non-destructive  characterization  of  large  size  wafers  in  industrial  mass 
production.  Further  improvement  of  the  production  of  large  diameter  compound  semiconductor 
materials  with  high  quality  and  excellent  uniformity,  and  the  exploration  and  developments  on 
the  non-destructive  and  whole  wafer  characterization  are  in  progress. 
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ABSTRACT 

Semiconducting  antimonide  compounds  have  received  increasing  attention  as  the 
alternative  materials  for  mid-infrared  photonic  devices,  with  a  variety  of  applications  such  as 
remote  sensing,  pollution  monitoring,  and  molecular  spectroscopy.  For  many,  if  not  all  these 
devices  it  is  necessary  to  pattern  antimonide  films  into  mesa  or  line  structures.  While  plasma 
etching  techniques  have  played  an  increasing  role  in  producing  such  features,  little  was  reported 
until  now  on  dry  etching  of  GaSb-  and  AlSb-containing  alloys.  In  this  paper  we  present  the 
results  of  our  recent  work  towards  the  development  of  the  technology  for  GaSb-based  ridge 
wave-guide  laser  emitting  at  2-2.3  pm  at  RT.  Specifically,  we  discuss  the  fabrication  of  double¬ 
channel  mesa  structure  in  AlxGai-xAsySbi.y/GaSb  (x=0.2-0.5)  heterostructure  materials  by  RIE 
technique.  The  effects  of  gas  and  material  composition,  rf  power,  pressure  and  temperature  on 
etching  characteristics  were  studied  with  special  attention  paid  to  surface  quality,  etching  rate 
and  etching  profile,  which  are  crucial  for  obtaining  a  single  mode  waveguide.  CCI2F2/H2  and 
CCI4/H2  process  chemistries  were  investigated  which  shows  the  latter  to  provide  vertical 
sidewalls  and  residue  free  etch  surfaces  at  controllable  etch  rates. 

INTRODUCTION 

Semiconducting  antimonide  compounds  continue  to  increase  in  importance  for  the 
development  of  mid-infrared  photonic  devices  [1-11]  and  thermophotovoltaics  [12,13].  Much  of 
the  recent  progress  in  the  technology  of  these  devices  has  occurred  on  the  materials  side.  In 
particular,  low  threshold  current  density  heterostructure  materials  for  mid-infrared  lasers  have 
been  demonstrated  [3-5,  8-11].  In  order  to  realize  this  potential,  it  is  important  to  develop  an 
etching  technology  for  device  fabrication. 

In  recent  years  plasma  etching  techniques  have  played  an  increasing  role  in  device 
fabrication  technology,  mainly  due  to  feature  profile  control  of  the  etch  process  and  the 
possibility  of  low  etch  rate  dependence  on  material  composition  -  the  characteristics  required  for 
making  waveguides  or  laser  mirrors.  However,  few  studies  have  been  published  on  dry  etching 
of  antimonide  compounds.  Werking  et  al.  [14]  reported  the  use  of  RIE  in  CH4/H2  plasma  to 
etch  GaSb  with  slow  about  20  nm/min.,  well-controlled  etch  rates.  Electron  cyclotron  resonance 
(ECR)  plasma  etching  of  GaSb  in  Cb/Ar  or  BCb/Ar  with  etch  rate  up  to  450  nm/min.  and  250 
nm/min.,  respectively  was  performed  by  Pearton  et  al  [15],  BCb/Ar  plasma  was  used  to 
fabricate  single  mode  ridge  waveguide  lasers  either  with  GalnAsSb/InGaAsSb  QW 
heterostructure  emitting  at  X  =  2.1. pm  [8]  or  InAsSb/InAlAsSb  QW  heterostructure  with 
AIAsSb  cladding  and  GaSb  contact  layers  emitting,  at  X,  =  3.8  pm  [11].  However,  no  details 
were  reported  on  ridge  waveguide  etching  processes. 

In  this  paper  we  present  the  results  of  our  recent  work  towards  the  development  of  the 
technology  for  GaSb-based  ridge  wave-guide  laser  emitting  at  2-2.3  pm  at  RT.  Specifically,  we 
will  discuss  the  fabrication  of  double-channel  mesa  structure  in  AlxGai-xAsySbi.y/GaSb 
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(x=0.2-0.5)  heterostnicture  materials  by  RIE  technique.  CCI2F2/H2  and  CCU/H2  process 
chemistries  were  investigated  which  shows  the  latter  to  provide  vertical  sidewalls  and  residue 
free  etch  surfaces  at  controllable  etch  rates. 

EXPERIMENTAL  PROCEDURE 

Our  experiments  were  performed  on  (100)  oriented  p-type  GaSb  substrates  doped  with  Ge 
to  a  concentration  of  1. 3-5x1 0'*  cm*^,  single  epilayers  GaSb/Al*Gai.xAsySb|.y  (x=0.2-0.5)  grown 
by  LPE  either  at  lET  Warsaw  or  at  Ioffe  Physico-Technical  Institute  St.  Petersburg,  and  LPE- 
grown  DH  laser  diode  structures  GaSb/Ino.!2Gao.iiAso.ioSbo.9o/Alo  47Gao.53Aso.o4Sbo  96  fabricated 
both,  at  University  de  Montpellier  and  lET  Warsaw 

Based  on  our  previous  experience  with  the  RIE  etching  of  GaAs,  CCI2F2/H2  and  CCU/H2 
process  chemistries  were  chosen  to  produce  features  in  GaSb  and  AIGaAsSb  alloys.  Prior  to  RIE 
experiments,  the  samples  were  degreased  in  hot  organic  solvents,  and  etched  in  a  solution  of 
HC1+HN03=3(H-1,  T=5  ®C,  t=20  s,  followed  by  a  rinse  in  H2O  DI,  etching  in  5%  HCI  for  10  s, 
final  rinse  in  H2O  DI,  and  blow  dry  in  N2. 

Photolithographic  technique  was  us«l  to  pattern  4  pm  wide  channels  separated  by  a  8  pm 
gap  for  RW  lasers,  as  well  as  100  pm  diameter  circular  mesas,  typical  for  light  emitting  diodes. 

The  mask  pattern  was  fabricated  with  a  trilevel  technique.  200  nm  thick  sputter-deposited 
Si02  film  was  used  as  the  bottom  layer,  while  80  nm  thick  sputter-deposited  Cr  film  and  1.5  pm 
thick  AZ  1375  photoresist  were  applied  as  middle  and  top  layers,  respectively.  The  top  layer 
pattern  was  defined  with  a  conventional  photolithography  and  transferred  to  the  middle  Cr  layer 
by  RIE  in  CCI4/O2,  while  the  Cr  pattern  was  transferred  to  the  bottom  Si02  layer  by  RIE  in 
CF4/O2. 

The  etching  investigations  were  performed  in  a  commercial  Sccon  Mark  4  system  which 
has  a  diode  configuration  RIE  chamber  with  a  13.56  MHz  power  supply.  The  temperature  of 
both  top  and  bottom  electrodes  was  controlled  by  a  closed-loop  heat  exchanger.  During  the 
loading  of  the  wafers  the  chamber  was  floated  with  argon  to  prevent  contamination.  Roots  and 
two  stage  rotary  pump  were  used  for  evacuating  the  reactor  and  for  exhausting  the  gases.  The 
flow  rates  of  etching  gases  were  controlled  with  mass  flow  meters.  The  process  gas  pressure  was 
measured  by  a  capacitance  manometer  and  controlled  independently  of  the  gas  flow  rate  by  an 
automatically  driven  throttle  valve  in  the  downstream  line. 

The  etch  depth,  profile  and  surface  roughness  were  measured  using  TENCOR  ALPHA- 
STEP  profiler  and  both,  optical  (with  Nomarski  contrast)  and  SEM  (JOEL  6400)  techniques. 
Etch  rates  were  determined  by  measuring  the  heights  of  the  mesas  (depth  of  the  channels)  both 
before  and  after  removing  the  masks. 

RESULTS  AND  DISCUSSION 

Etching  in  CCI2F2/H2  plasma  was  characterized  by  very  low  etch  rates  (^  100  nm/min.) 
and  poor  surface  morphology.  Much  more  promising  results  were  obtained  with  RIE  in  CCU- 
based  plasmas.  In  general,  etch  rate  of  GaSb  and  AIGaAsSb  in  CCI4/H2  plasma  increased  with  rf 
power,  pressure,  and  concentration  of  CCU. 

Fig.  1 .  shows  a  plot  of  the  etch  depth  as  a  function  of  rf  power  and  gas  flow  for  RIE  of 
GaSb  in  CCI4/H2  plasma.  As  expected,  etch  rate  increases  with  an  increase  of  rf  power  and  gas 
flow  presumably  due  to  the  enhancement  of  ion  bombardment  energy  and  reactive  species 
concentration. 
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Fig.  2  presents  the  dependence  of  GaSb  etch  depth  on  feed  gas  composition  at  a  constant 
if  power.  A  pure  CCI4  plasma  gave  relatively  high  etch  rates,  however  it  produced  very  rough 
surfaces.  Addition  of  H2  at  a  fraction  1.2  -  1.6  was  necessary  to  ensure  smooth  etched  surface. 
At  H2  fraction  greater  than  1.6  the  etch  rates  decreased  rapidly  and  required  long  etch  time  for 


Fig.  1.  Etch  depth  of  GaSb  as  a  function  of  if  power  for  etching  time  10  min. 


device  structures.  On  the  other  hand,  etch  rate  increased  by  a  factor  of  5  with  an  increase  of 
processing  pressure  from  62.5  to  170  pbar  (Fig.  3),  which  is  likely  the  result  of  an  increasing 
generation  of  radicals. 

Etching  investigations  of  AlxGai.xAsySbi.y  (x=0.2-0.5)  for  varying  if  powers  have  shown 
some  difficulty  in  anisotropic  etching  of  GaSb/AlxGai.xAsySbi.y  heterostructures  when  high  if 
power  was  applied.  However,  when  keeping  the  rf  power  below  50  W  similar  etch  rate  for  GaSb 
and  AlxGai-xAsySbi.y  were  obtained  (Fig.4).  Careful  analysis  of  the  obtained  results  suggested 
that  optimum  etch  conditions  were  obtained  at  rf  power  of  30  W,  a  pressure  of  150  pbar,  and 
gas  flow  rate  fccu/fn?  =  9/12. 

The  formation  of  double-channel  mesa  structure  in 
GaSb/Ino.i2Gao.88Aso.ioSbo.9o/Alo.47Gao.53Aso.o4Sbo,96  DHby  etching  in  CCI4/H2  discharge  is  shown 
in  Fig.  5.  Here  the  etch  was  timed  to  expose  the  active  region  of  the  heterostructure.  Smooth 
sidewalls  can  be  seen  though  some  roughness  of  the  surface  morphology  was  observed.  This  is 
believed  to  be  caused  by  the  initial  morphology  of  the  as-grown  material. 
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Fig.3.  Etch  depth  of  GaSb  as  a  function  of  Fig.4.  Etch  depth  of  GaSb  and  GaAlAsSb 

process  pressure  for  etching  time  10  min.  as  a  function  of  CCU  concentration 

for  etching  time  10  min. 


b) 

Fig.  5.  SEM  micrographs  of  Gai-xAlxAsySbi.y/IrixGai.xAsySbi.y/GaSb  double  channel 
mesa  structure  obtained  with  in  CCI4/H2  (f  H2/f  cci4=  1.3,  P  =  30  W)  RIE. 
Channel  depth  3  pm,  mesa  8  pm;  a)  top  view,  b)  cross  sectional  profile. 
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CONCLUSIONS 


We  have  shown  that  CCU-based  RIE  can  be  used  for  processing  IILV  antimonide 
semiconductor  devices.  The  fabrication  of  double  channel  mesa  structure  in 
GaSb/Al,Gai.xAsySbi^  /InxGai.xAsySbi.y  DH  have  been  demonstrated. 

The  optimum  etch  conditions  providing  vertical  side  walls  and  residue  free  etch  surfaces, 
at  etch  rate  of  200  nm/min.  were  obtained  with  CCU/H2  plasma  at  a  pressure  of  ISO  pbar,  rf 
power  of  30  W,  and  gas  flow  rate  fcci4/fH2=  9/12. 
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ABSTRACT. 

Arsenic-rich  InAs/InAsi.*  Sbx  strained-layer  superlattices  (SLS’s)  are  studied  in  time-resolved 
optical,  and  CW  magneto-optical  spectroscopies.  A  pronounced  type-II  offset,  with  electrons 
confined  to  the  alloy  layers,  is  found.  High  radiative  efficiencies  at  wavelengths  well  into  the  mid- 
IR,  and  the  suppression  of  Auger  recombination  yield  LED’s  operating  at  3-10  pm.  Present  room 
temperature  powers  are  ~30  pW,  probably  limited  by  inadequate  carrier  confinement. 

INTRODUCTION. 

Recently  much  progress  has  been  made  towards  300K  lasers  operating  in  the  mid-IR  spectral 
range  where  a  wide  variety  of  gases  have  strong  absorption  lines.  Current  interest  centres  on  X= 
3.3  pm  and  4.2pm  for  CH3  and  CO2 detection  at  high  sensitivities  and  specificities,  although 
longer  X  sources  would  allow  the  detection  of  other  important  pollutants,  for  example  NH3  and 
O3  and  the  “acid-rain”  gases  NOx  and  SOx. 

III-V  interband  devices  typically  employ  InAs-based  active  layers  with  small  alloy  fractions  of 
Sb  (for  bandgap  lowering)  and/or  Ga  (for  lattice  matching).  Lasers  have  been  demonstrated  at 
X-3-3.5  pm  [1-5]  but  so  far  Auger  recombination  has  prevented  300K  operation  beyond  X~3.2 
pm  [6],  Veiy  recently  intersubband  “Quantum  Cascade”  (QC)  lasers,  have  improved  spectacularly 
and  given  320K  pulsed  5.2  and  8pm  output  [7]  in  the  wide-gap  (InGa)As/(AlIn)As  materials 
system.  The  ingenious  MBE  epilayer  design  used  though  is  very  demanding  technologically. 

In  comparison  the  epitaxial  growth  technology  of  narrow  gap  III-V’ s  is  immature  but 
developing  rapidly.  Bandstructure  engineering  techniques,  such  as  strain-lightening  the  valence- 
bands  and  using  systems  with  type-II  band  offsets  for  Auger  suppression  are  just  being  explored 
[8],  For  ps-sensing,  output  stability  rather  than  spectral  intensity  is  often  the  dominant 
engineering  criterion  and  a  narrow-line  laser  output  drifting  through  a  sharply  resonant  gas 
absorption  line  can  cause  severe  systems  engineering  headaches.  LED  sources  suffer  from  a  much 
lower  spectral  density  but  their  broad  output  spectra  (some  of  which  can  be  used  in  a  stabilising 
reference  channel)  and  good  manufacturability,  may  make  them  the  preferred  choice  for  many 
practical  gas  sensing  applications. 

Growth  details 


All  samples  were  grown  by  MBE  at  Tg~450°  on  either  InAs  substrates  or  on  InAsi.x/2Sbx^ 
buffer  layers  on  GaAs  substrates  [9].  Growth  parameters  were  checked  by  numerically  modelling 
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the  XRD  data  and  corroborated  with  TEM,  Raman  and  PL  (fig.  1),  magneto-PL  and  magneto- 


The  bandgaps  of  bulk  alloy  samples, 
measured  in  magneto-absorption  [10],  were  all 
found  to  be  consistent  with  literature  data 
[1 1,12].  For  a  10%  Sb  alloy  for  example  the 
data  of  in  reft.  10,1 1  and  12  give  lOK  bandgaps 
of  335,  336.5  and  331  mcV  rcspertively,  all 
mutually  consistent  but  at  odds  with  the  ^270 
meV  deuced  [2]  from  “optical  studies  of  bulk 
ternary  alloy’*.  The  latter  was  attributed  to  an 
“order  induced  bandgap  reduction”  (OIBGR) 
caused  by  Cu-Pt  ordering  on  the  alloy  sublattice 
in  1,-475“  MOCVD  material. 

It  should  be  noted  though  that  low  temperature  photoluminescence  spectra  from  bulk  samples 
commonly  feature  defect-related  transitions  [13,14]  and  can  lead  to  underestimates  of  the 
bandgap  unless  carefully  interpreted.  On  the  basis  of  the  above  considerations  we  conclude  that 
the  “OffiGR"  effect  is  absent  in  our  samples  and  model  the  SLS  bandstructures  with  the  bandgap 
data  of  ref  10.  _ _ _ _ 


Sample 

number 

Substrate 

Doping  type 

1C  208 

bulk  InAsojij  $ba.in 

3iim 

GaAs 

IC  210 

bulk  IiiAao.MS  SbaoM 

2.5uai 

GaAs 

Undoped 

IC  372 

bulk  InAs  control 

3uni 

GaAs 

Undoped 

IC389 

InAs/InAso.a  Sboji 

20 

GaAs 

IC481 

InAs/InAsojjSbooT _ 

23.S 

GaAs 

IC494 

16 

GaAs 

IC495 

24.8 

GaAs 

IC499 

1 

21.5 

GaAs 

24.2 

GaAs 

p-n  diode 

IC501 

16.4 

GaAs 

D-n  diode 

IC506 

InAs 

3uni 

InAs 

p-n  diode 

IC516 

lnA8/lnAso.tT»  Sbn.m 

24 

GaAs 

p-n  diode 

IC523 

2.Suni 

InAs 

p-n  diode 

IC527 

24 

InAs 

p-n  diode 

IC536 

bulk  InAs  control 

Sum 

InAs 

EluilTISHiliHH  1 

IC583 

triple  InAj«.MSbo.io/  InAs/ 
InAsoWSboi.OW 

lpni/16/60/11 

.5/60/8.3/100 

InAs 

Undoped 

IC587 

InAs/InAso.r7i  Sbo.i]» 

25 

InAs 

IC595 

InAs/  InAsau  Sbii.17  SQW 

16nni 

GaAs 

p-n  diode  1 

absorption  methods. 

n.lnlitHMV 


14 

14 

1J 

1 

•J 

M 

M 

•4 


•  I  r  •  11  It 

Fig.  1 .  I  OK  PL  spectra  for  a  range  of 
undoped  InAs].JSbx  SLS's.  Baselines  shifted 
for  clarity _ 


Table  1 .  Design  parameters  for  the  various  MBE  wafers  cited. 


Epilaver  Materials  and  Bandstructure  Studies. 
a)  Optical  band  structure  determination. 
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lOK  PL  spectra  for  a  number  of  SLS’s  (fig.l)  all 
evidence  SLS  bandgaps  well  below  either  of  the 
strained  SL  constituents  and,  in  the  absence  of  an 
OIBGR  effect,  are  consistent  only  within  a  type-II  band 
offset  interpretation.  Magneto-absorption  spectra  [15] 
of  the  undoped  SLS’s  show  the  same  transitions, 
arguing  that  our  PL  is  genuinely  band-to-band  and  not 
defect-related. 

Magneto-PL  spectra  from  a  pair  of  triple  QW 
In(Asi-xSbx)/InAs  samples,  designed  according  to  the 
alternative  assumptions  about  the  sign  of  the  type-II 
offset  i.e.  type-IIA  (electrons  in  the  alloy)  vs.  type-IIB 
(electrons  in  the  binary),  provide  strong  evidence  [16] 
for  a  type-IIA  assignment.  As  in  previous  studies  of 
similar  samples  [17]  the  energy  separations  of  the  PL 
peaks  between  the  different  QW’s  in  one  of  this  pair  are 
so  large  that  they  can  be  due  only  to  differences  in 
electron  (as  opposed  to  hole)  confinement  energies. 
Given  the  sample  designs  this  immediately  implies,  that 
the  electron  wells  are  in  the  alloy. 

In  both  studies  [16,17]  the  magnetic-field  shifts  of 
the  QW  transition  energies  yield  lighter  in-plane 
reduced  masses  for  the  ground-state  QW  transitions  than  the  bulk  values  for  either  of  the  QW 
constituents.  Again  this  argues  that  the  PL  transitions  are  band-to-band  because  defect  related 
transitions  have  weaker  magnetic  field  dependencies,  yielding  an  apparent  increase  in  the  reduced 
mass  when  it  is  extracted  from  the  slope  of  the  transition  energy  in  a  fan  diagram.  In  [17]  it  was 
argued  that  these  light  reduced  masses  implied  that  the  holes  were  also  confined  in  the 
(compressively  strained)  alloy,  i.e.  the  offsets  had  a  type-I  character.  To  fit  the  observed  PL 
energies  with  this  type-I  scheme  though  requires  the  assumption  of  a  large  “OIBGR”  effect, 
invoking  a  30%  reduction  of  the  x=0.135  Sb  alloy  bandgap  below  its  accepted  value. 

In  reality  however  “valence  band  mixing”  (VBM)  by  the  QW  potential  gives  a  complex  in¬ 
plane  dispersion  for  both  valence  bands  and  dramatically  modifies  the  in-plane  reduced  masses. 
VBM  is  absent  at  the  in-plane  zone  centre,  leaving  the  above  B=0  transition  energy  calculations 
unaffected,  but  including  it,  in  an  8x8  k.p  calculation  [15]  which  includes  the  effects  of  strain  and 
conduction-band  non-parabolicity,  we  find  we  can  accurately  reproduce  all  the  experimental 
transition  energy  and  reduced  mass  data  of  refs.  16  and  17  without  having  to  invoke  any 
“OIBGR”  effect.  This  yields  an  unstrained  type-IIA  valence  band  offset  estimate  of '~800x  meV, 
in  good  agreement  with  the  values  extracted  previously  [15]  from  SLS  magneto-absorption  data. 

b)  Evidence  for  Auger  suppression. 

Fig.2  summarises  the  calibrated  PL  efficiencies  (PLri‘s)  of  a  number  of  SLS  and  bulk 
“control”  samples.  To  generalise:  i)  Homoepitaxial  InAs  has  the  best  300K  PLt|  but  is  closely 
matched  by  the  best  SLS  (IC587,  13nm  InAs/13nm  In  Aso.ssSbo.is  on  InAs)  even  though  the 
heteroepitaxial  SLS  has  the  higher  dislocation  density  and  a  25%  lower  bandgap.  ii)  Bulk  alloys 
[IC210  and  IC  208  ,  x=  9.5%  and  18.8%]  have  PLt]’s  15-40  times  lower  than  SLS’s  with 
equivalent  bandgaps.  iii)  The  PLt]  sensitivity  to  substrate  type  is  more  pronounced  in  the  bulk 
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epilayers  [e  g.  the  ~20  factor  between  IC372,  UD  InAs:GaAs  and  IC536,  homoepitaxial  InAs] 
than  in  the  SLS’s  [e.g.  the  ~10  factor  between  IC  587,  13nm  InAs/  13nm  InAso.tsSbo.is  SLS  on 
InAs  and  IC  494,  a  8nm  InAs/  8nm  InAso  wSbo  u 
SLS  on  GaAs]. 

Although  the  heteroepitaxial  InAs  has  excellent 
bulk  electrical  characteristics  (Na,Nd  2  x  10  cm" 

^  -2  X  lO’  cmV‘sec  ' )  and  IR  picosecond  laser 

measurements  show  carrier  diffusion  lengths  [18]  of 
some  |im,  no  effort  has  gone  into  strain-relief 
schemes  as  yet.  The  PLi]  figures  in  at  least  in  the 
bulk  samples,  are  thus  determined  by  non-radiative 
recombination  at  the  heavily  dislocated  substrate/ 
epilayer  interface,  and  this  may  partially  account  for 
the  PLti  improvements  of  SLS’s  over  the  bulk 
samples. 

Nevertheless  the  SLS  samples  preserve  their 
PLti  ntuch  better  than  bulk  alloys  as  the  bandgap  narrows,  consistent  with  Auger  suppression  in 
the  SLS’s,  due  to  the  type-II  offset  and  valence  band  modifications.  Auger  suppression  (by  a 
factor  of -”100),  in  an  SLS  sample  compared  with  a  control  InSb  epilayer  with  a  similar  effective 
bandgap,  has  also  recently  been  demonstrated  [19]  in  psec  pump-probe  measurements  of  the  total 
carrier  recombination  rates  at  high  excess  carrier  densities 

Device  studies, 

EL  device  wafers,  with  the  SLS’s  included  in  p-i-n 
junctions  with,  occasionally,  thin  (~20nm)  electron- 
confining  Ino  ijAlo  isAs  barriers  (fig.3),  were  processed 
into  -300-600^m  diameter  mesas.  Due  to  photocarrier 
separation  by  the  diode  field  the  PLti‘s  were  low,  but  in 
forward  bias  the  SLS  electroluminescence  efficiency 
(ELti)  typically  corresponded  (Fig.4)  to  internal 
quantum  efficiencies  of  -0.8%  at  300K.  The  main  EL 
emission  matches  the  PL  peak  of  the  equivalent  undoped 
test  SLS’s  but  occasionally  extra  higher  energy 
substrate/buffer  layer  related  features  were  seen  in  EL, 
implying  poor  electron  confinement  (fig.  5)  and  diffusion 
of  the  injected  carriers  to  the  doped  regions  before 
recombination. 

A  single  16nm  x=0.17  QW  LED,  IC595,  grown 
pseudomorphically  on  a  GaSb/AlSb  SL  bufFer(fig.6)  also 
gave  a  very  promising  300K  ELt|  figure  of  ~1%.  All  the 
radiative  recombination  occurred  in  the  well  for  T<200K, 
evolving  into  a  broad  spectral  output  centred  on  the  CO2 
absorption  line  at  300K  (fig.7).  This  result  has  particular  implications  on  the  design  of  necessarily 
thick  laser  cavities,  where  strain  considerations  may  limit  the  allowable  mole  fraction  of  Sb. 


— O—  InAt  p*i-n/lnAs,  92  mA. 

-Q-  IC  527.  24nmjc0,125  SLS  InA*.  115  mA 
In/W  p-l-n,  InAIM  barriw,  120  mA. 


T(K) 

Fig.  4  .  LED  EL  efficiency  as  a 
function  of  Temperature. 


Fig.  3  ..  Typical  physical  and 
electronic  structure  of  the  SLS  LED 's. 


76 


Under  bias  the  excess  carrier  concentration 
profile  is  determined  by  a  complex  and  non-linear 
drift-diffusion-recombination  equation  which,  for 
practical  purposes  is  insoluble,  precluding  a 
meaningful  analysis  of  the  ELq  data  in  terms  of 
Auger  recombination. 

Nevertheless  the  ELti’s  are  similar  to  a  range 
of  bulk  “control”  homoepitaxial  InAs  devices  of 
superior  crystal  quality,  and  the  300K  SLS  outputs 
now  reach  30  peak  and  15  |iW  equivalent  CW 
@1=500  mA.  The  best  SLS  LED’s  have  superior 
output  than  the  homoepitaxial  InAs  devices,  in 
spite  of  the  former’s  lower  bandgaps,  and  may 
be  close  to  being  Auger  limited.  Qualitatively 
speaking.  Auger  recombination  may  also 
account  for  the  unusual  ELt]  temperature 
characteristics  seen  in  some  of  the  LED’s  (eg. 

IC  527  in  Fig.4)  as  various  Auger  channels 
come  in  and  out  of  resonance  as  the 
bandstructure  evolves  with  increasing 
temperature. 

CONCLUDING  REMARKS 

A  large  body  of  experimental  evidence  briefly 
summarised  here  indicates  that  InAs/InAsi.x  Sb*  SLS’s 
have  a  pronounced  type-IIA  band  offset  character  and  that 
this  may  be  an  important  route  to  high  efficiency  room 
temperature  mid-IR  sources.  Existing  evidence  is  that 
Auger  suppression  is  a  real  effect  but  that  inadequate 
carrier  confinement,  leading  to  carrier  escape  to  the 
damaged  hetero-interface,  is  the  present  limiting  factor  in 
LED  efficiency. 
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ABSTRACT 

In  this  paper,  we  report  on  the  growth  and  fabrication  of  InSb  detectors  and  Focal  Plane 
Arrays  (FPA’s)  on  (100)  Si,  AljOj,  and  (100)  and  (111)  GaAs  substrates  for  infrared  (IR) 
imaging.  Several  advantages  result  from  using  GaAs,  Si,  or  AI2O3.  First,  InSb  FPA’s  on  these 
materials  do  not  require  thinning  as  with  detectors  fabricated  from  bulk  InSb.  In  addition,  these 
substrates  are  available  in  larger  sizes,  are  semi-insulating  (GaAs  and  sapphire),  and  are  less 
expensive  than  InSb. 

Optimum  growth  conditions  have  been  determined  and  discrete  devices  have  been 
fabricated  on  each  substrate  material.  The  structural,  electrical,  and  optical  properties  were  verified 
using  x-ray,  Hall,  photoresponse,  and  photoluminescence  (PL)  measurements.  Measured  x-ray 
Full  Widths  at  Half  Maximum  (FWHM)  were  as  low  as  55  and  100  arcsec  for  InSb  epilayers  on 
GaAs  and  Si,  respectively.  Hall  mobilities  were  as  high  as  128, (X)0,  95,000  and  72,(XX)  cmW-sec 
at  200  K,  77  K,  and  room  temperature,  respectively.  In  addition,  77  K  PL  linewidths  were  as  low 
as  18,  20  ,  and  30  meV  on  GaAs,  Si,  and  sapphire  substrates  respectively,  well  below  the  48  meV 
value  previously  reported  in  the  literature. 

In  collaboration  with  Lockheed  Martin  Fairchild  Systems  (LMFS),  IR  thermal  imaging  has 
been  obtained  from  InSb  FPA’s  on  GaAs  and  Si  substrates.  This  is  the  first  successful  IR  thermal 
imaging  from  heteroepitaxially  grown  InSb.  Because  of  the  high  quality  substrates,  larger  areas, 
and  higher  yields,  this  technology  is  very  promising  for  challenging  traditional  InSb  FPA  hybrid 
technology. 

INTRODUCTION 

InSb  is  a  well  established  material  system  for  mid-IR  detector  applications.  These 
applications  include  IR  thermal  imaging,  environmental  gas  monitoring,  and  free  space 
communications.  The  work  described  in  this  paper  is  directed  toward  IR  thermal  imaging  using 
FPA’s.  InSb  FPA’s  have  been  well  researched,  but  only  on  InSb  substrates.  These  substrates  have 
several  drawbacks  and  limitations.  First,  InSb  substrates  are  limited  in  size  because  the  quality  is 
not  uniform  as  the  wafer  diameter  increases.  In  addition,  InSb  substrates  are  expensive,  non  semi- 
insulating,  and  are  of  lower  quality  than  GaAs  or  Si.  And  most  importantly,  InSb  substrates  used 
for  FPA’s  must  be  thinned  to  «  10  pm  due  to  absorption  in  the  substrate.  This  thinning  is  a  major 
yield-limiting  step  in  the  FPA  fabrication  process,  and  this  problem  is  only  exacerbated  by  the 
limited  substrate  size. 

Thus,  the  use  of  a  suitable  alternative  to  InSb  substrates  is  very  attractive  to  InSb  FPA 
technology.  GaAs,  Si,  and  AI2O3  are  possible  candidates  despite  having  large  lattice  mismatch  (4- 
15  %).  For  these  materials  to  be  viable,  the  devices  fabricated  on  them  must  have  performance 
comparable  to  that  of  bulk  arrays  with  the  advantage  of  larger  area  arrays  with  excellent 
uniformity.  Considering  the  large  mismatch  these  materials  have  with  InSb,  especially  GaAs,  it 
would  seem  impossible  that  device  performance  could  be  anywhere  near  that  of  existing 
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technology.  However,  in  this  paper  we  report  on  the  first  IR  imaging  obtained  from  InSb  FPA’s 
fabricated  on  GaAs  or  Si  substrates  with  performance  comparable  to  that  of  bulk  InSb  detectors. 

EXPERIMENT 

InSb  on  GaAs  aad  Si 

The  growth  of  InSb  on  GaAs  and  Si  substrates  was  optimized  using  an  EPl/Intevac 
Modular  Gen  n  MBE  system  with  elemental  uncracked  sources  (7N  pure).  Si  and  Be  were  used 
as  n-  and  p-type  dopants,  respectively.  Substrates  were  epi-ready  GaAs  and  GaAs  coated  Si  which 
were  cleaved  into  ~  1  cm^  pieces  and  In-mounted  to  molybdenum  blocks  before  being  loaded  into 
the  system.  The  oxide  was  desoibed  by  heating  the  sample  under  an  As  flux. 

Static  and  dynamic  Reflection  High  Energy  Electron  Diffraction  (RHEED)  surface 
characterization  was  used  to  accurately  control  the  growth  conditions  as  reported  previously  [1-3]. 
The  Sb/In  incorporation  ratio  was  calibrated  at  1.2/ 1.0  using  dynamic  RHEED  oscillations,  and  the 
substrate  temperature  was  calibrated  by  monitoring  the  c(4x4)  to  a(lx3)  transition  which  occurs  at 
-390  *C,  T^.,  for  typical  Sb  fluxes.  Growth  on  (100)  GaAs  showed  the  highest  quality  when 
grown  slightly  above  the  transition  temperature,  T^.  For  growth  on  (111)  GaAs,  however,  the 
optimum  growth  temperature  was  higher,  -  420  'C.  This  higher  required  growth  temperature  has 
b^n  attributed  to  the  different  bonding  characteristics  of  the  two  surfaces.  In  growth  on  (1(X)) 
surfaces,  there  are  two  bonds  available  for  both  In  and  Sb.  But  on  the  ( 1 1 1)  surface,  there  are  three 
bonds  for  each  Sb  atom  and  one  for  each  In  atom  [4].  Thus,  for  a  given  Sb/In  ratio,  a  higher 
temperature  is  needed  to  obtain  stoichiometric  growth  on  the  (1 1 1)  surface. 

A  difficulty  in  growing  (111)  InSb  was  that  there  was  no  transition  in  the  RHEED  pattern 
when  the  substrate  temperature  was  varied  above  or  below  growth  temperature  under  an  Sb  flux. 
For  this  reason,  the  substrate  surface  temperature  had  to  be  measured  with  an  IR  pyrometer  which 
was  calibrated  using  the  transition  temperature  on  a  (1(X))  InSb  sample.  However,  this 
measurement  technique  could  only  determine  temperatures  with  an  accuracy  of  +/-  10  *C  because 
of  the  difference  in  thickness  of  the  (111)  GaAs  and  the  (KX))  GaAs  used  for  the  pyrometer 
calibration,  and  differences  between  block  emissivity  and  In  mounting  of  the  samples. 

Even  with  the  difficulty  in  accurate  temperature  control,  the  material  quality  was  essentially 
identical  on  (KX))  and  (111)  GaAs.  The  materi^  quality  was  assessed  structurally,  electrically,  and 
optically  using  x-ray  diffraction.  Hall,  photoluminescence,  and  photoresponse  measurements. 

Structural  characterization  was  performed  on  a  five-crystal  x-ray  diffractometer.  Figure  1  a) 
below  shows  the  x-ray  rocking  curve  FWHM  for  both  (100)  and  (111)  material  versus  q)ilayer 
thickness  on  GaAs  substrates.  It  should  be  noted  that  the  (100)  and  (Ill)  FWHM  are  essentially 
equal  indicating  that  the  growth  conditions  have  been  optimized  for  both  surfaces.  The  crystallinity 
shows  a  large  dependence  on  substrate  temperature  as  shown  in  Figure  1  b).  As  indicated  in  the 
figure,  the  optimum  substrate  temperature  is  -  420-430  ’C.  The  optimum  (100)  growth 
temperature  is  -  395,  well  under  that  of  (1 1 1)  InSb. 

Electrical  characteriziUion  was  obtained  with  a  Hall  system  and  samples  etched  with 
standard  Van  der  Pauw  patterns.  The  room  temperature  mobility  versus  epilayer  thickness  is 
shown  for  both  (100)  and  (111)  InSb  in  Figure  2  a).  As  the  epilayer  is  increas^  past  -  1  pm,  the 
mobility  levels  off  near  that  of  bulk  InSb.  The  (100)  curve  is  for  a  single  layer  which  was  step- 
and-etched  using  a  lactic/nitric  acid  etching  solution,  whereas  the  (111)  points  are  from  separate 
samples.  Figure  2  b)  shows  InSb  on  (100)  GaAs  mobility  versus  temperature  for  a  3.3  pm  thick 
epilayer.  Peak  mobilities  of  -  92,000  cmW-sec  were  obtained  on  samples  of  5  pm  thickness.  The 
curve  shows  typical  n-type  mobility  for  a  sample  grown  with  6N  pure  Sb  source  material  resulting 
in  a  background  concentration  of  10'^  cm  ^ 
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Figure  1 .  a)  X-ray  FWHM  versus  Thickness  for  InSb  on  (100)  and  (111)  GaAs 
b)  X-ray  FWHM  versus  Substrate  Temperature  for  InSb  on  (1 1 1)  GaAs 


Figure  2.  a)  300  K  Mobility  versus  Thickness  for  InSb  on  (100)  and  (111)  GaAs 

b)  Hall  Mobility  versus  Temperature  for  a  3.3  fim  InSb  Epilayer  on  (100)  GaAs 

An  interesting  effect  was  discovered  when  higher  purity  (7N)  source  material  was  installed 
in  the  reactor.  The  room  temperature  mobility  increased  slightly,  but  the  77K  mobility  dropped 
drastically  from  ~  92,000  cmW-sec  to  ~  3,000  cmW-sec.  This  effect  was  also  noted  by 
Thompson  et  al  [5].  By  doping  the  material  n-type  in  the  range  of  ~  5  x  10’®  cm'®,  the  mobility 
would  again  be  back  up  to  values  obtained  with  the  6N  source  material.  This  low  77K  mobility  has 
been  attributed  to  the  interface  which  dominates  the  Hall  measurements  in  this  temperature  range. 
The  epilayer  can  be  considered  to  be  composed  of  three  layers:  a  surface  inversion  (or  depletion) 
layer,  a  bulk-like  layer,  and  a  highly  dislocated  interface  layer  as  described  by  Besikci  et  al  [6]. 
When  the  material  had  a  10'^  cm'®  background,  the  77K  Hall  measurement  was  not  dominated  by 
the  interface  layer  because  the  bulk-like  layer  had  a  high  enough  conductivity.  However,  with  the 
background  at  10’®  cm'®,  the  bulk-like  layer  is  at  least  an  order  of  magnitude  less  conductive,  and 
the  interface  layer  dominates  Hall  measurements. 

This  theory  was  supported  by  Hall  measurements  made  on  samples  after  the  substrate  had 
been  etched  off  and  by  field-dependent  Hall  measurements.  Samples  were  epoxied  to  glass  slides 
epi-side  down,  and  were  then  plaeed  in  a  H202:NH40H:H20  solution  which  etched  off  the 
substrate  and  left  a  mirror-like  surface.  The  samples  were  then  characterized  using  Hall 
measurements,  and  exhibited  very  high  mobilities  at  77  K.  A  5  fim  sample  exhibited  65,000 
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cmW-sec  at  300  K,  and  95,000  cmW-sec  at  77  K.  Before  removing  the  substrate,  this  same 
sample  had  mobilities  of  60,000  cmW-scc  at  300  K  and  4,230  cmW-sec  at  77  K. 

Field-dependent  measurements  were  performed  at  Wright-Patterson  Air  Force  Base 
(WPAFB)  on  three  samples  with  thickness  of  2.0,  5.0,  and  9.2  jim.  Figure  3  shows  the  electron 
mobility  and  concentration  versus  temperature  for  these  samples  under  a  5.0  kG  field.  It  is  evident 
from  the  mobility  curves  that  the  mobility  is  being  limited  by  a  thickness  independent  mechanism 
at  low  temperatures  as  indicated  by  the  drastic  drop  in  mobility  around  200  K  and  because  the 
sheet  concentration  at  low  temperature  for  these  three  samples  is  constant  (~  1  x  10'^  cm*^).  The 
mobility  measurement  made  with  the  substrate  etched  off  is  indicated  in  Figure  3  a).  Mobility 
spectra  obtained  by  WPAFB  show  several  conduction  channels  -  speciflcally  a  high  mobility  n- 
type  channel  and  a  low  mobility  n-type  layer  with  a  mobility  of  a  few  thousand  cnrA^-sec.  These 
measurements  taken  together  indicate  that  Hall  measurements  made  on  these  samples  are 
dominated  by  the  interface  especially  at  low  temperatures  (<  200  K). 


Figure  3  a)  Electron  Mobility  versus  Temperature  b)  Electron  Concentration  versus  Temperature 

Optical  characterization  was  performed  on  these  samples  using  photoluminescence  (PL), 
transmission,  and  photoresponse  measurements.  PL  linewidths  of  18  and  20  meV  were  obtained 
at  77  K  for  InSb  on  GaAs  and  Si,  respectively.  Transmission  measurements  were  performed 
using  a  Fourier  Transform  Infrared  (niK)  spectrometer.  Relative  photoresponse  of 
photoconductor  samples  was  also  measured  using  the  FTIR  system  with  a  preamplifier  and  bias 
voltage  circuit.  Photodiode  response  measurements  were  made  on  p-i-n  detector  structures. 

Photodiodes  were  fabricated  using  standard  photolithography  and  wet  chemical  etching 
techniques,  p-i-n  photodiodes  were  realized  by  etching  400  x  400  pm  mesas  using  a  Iactic:nitric 
etching  solution,  and  contacts  were  made  using  e-beam  evaporated  Au/Ti.  The  detector  structure 
consisted  of  a  1.5  pm  n*^  region,  a  6  pm  undoped  active  region,  and  a  0.5  pm  p*^  contact  region. 
This  structure  was  grown  on  both  GaAs  and  Si  substrates. 

The  relative  photoresponse  of  these  devices  was  measured  using  the  FTIR  system.  The 
absolute  responsivity  was  obtained  by  measuring  the  signal  using  a  calibrated  blackbody  source 
and  a  lock-in  amplifier  system.  The  absolute  responsivity  for  p-i-n  detectors  on  Si  and  (111)  GaAs 
are  shown  in  Figure  4  a)  and  b),  respectively. 

These  devices  showed  excellent  response,  comparable  to  that  of  bulk  detectors,  with 
detectivities  of  ~  3  x  10‘°  cm-Hz'^AV  at  77K.  Note  that  the  detectors  qxrate  up  to  room 
temperature,  even  though  these  devices  were  not  optimized  for  room  temperature  operation. 


82 


Figure  4.  Absolute  Responsivity  of  a  p-i-n  Photodiode  on  a)  Si  and  b)  (1 1 1)  GaAs 

In  collaboration  with  LMFS»  256  x  256  InSb  FPA’s  were  fabricated  from  InSb  epilayers 
on  GaAs  and  Si  substrates.  Starting  from  an  undoped  10  jim  InSb  epilayer,  the  p-type  regions 
were  ion  implanted,  the  structures  were  then  chemically  etched  to  form  mesas,  and  finally  In 
bump-bonded  to  Si  CMOS  readout  circuitry.  This  readout  circuitry  resulted  in  standard  video 
output  which  was  then  sent  to  a  workstation  equipped  with  a  frame  grabber  and  processing 
capability.  Two  images  from  the  device  are  shown  in  Figure  5. 


Figure  5.  IR  Images  obtained  from  an  InSb  on  GaAs  FPA 
InSb  on  Sapphire 

Sapphire  has  been  investigated  as  a  substrate  for  InSb  FPA’s.  Sapphire  is  highly 
insulating,  high  in  mechanical  strength,  transparent  through  mid-IR,  has  a  good  thermal  expansion 
coefficient  match  with  InSb,  and  has  ~  4  %  lattice  mismatch  with  InSb,  Growth  on  sapphire 
results  in  (1 1 1)  material  which  has  lower  surface  recombination  than  (100)  material  providing  it  is 
properly  passivated.  Preliminary  results  obtained  from  MBE  growth  on  sapphire  show  good 
morphology  and  crystalline  material  with  x-ray  FWHM  of  ~  400  arcsec.  300  K  electron  mobility 
of  35,000  cmW-sec  has  been  obtained  and  2,(XK)  cmW-sec  p-type  mobility  was  obtained  at  77 
K.  PL  measurements  resulted  in  a  30  meV  linewidth  but  of  lower  intensity  than  that  from  InSb  on 
GaAs  or  Si.  Good  photoresponse  was  measured  from  an  InSb  on  sapphire  photoconductor  as 
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shown  in  Figure  6.  These  results  are  promising,  but  more  work  needs  to  be  done  investigating  the 
initial  surface  during  InSb  nucleation,  as  this  is  extremely  important  to  the  quality  of  the  layer. 


Figure  6.  Relative  Photoresponse  from  an  InSb  on  Sapphire  Photoconductor 
CONCLUSION 

In  this  paper,  we  have  reported  on  the  growth  of  high  quality  InSb  on  GaAs,  Si,  and 
sapphire  substrates  as  well  as  die  first  demonstration  of  InSb  photodiodes  on  GaAs  and  Si 
substrates.  Material  quality  was  confirmed  using  structural,  electrical,  and  optical  characterization. 
Photoresponse  comparable  to  that  of  bulk  InSb  has  been  obtained,  with  response  even  up  to  room 
temperature.  In  addition,  IR  thermal  imaging  has  been  obtained  for  the  first  time  from  an  InSb 
FPA  on  GaAs  or  Si.  This  technique  has  the  potential  to  revolutionize  InSb  FPA  technology. 
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ABSTRACT 

We  will  present  calculations  of  the  ideal  performance  of  mid-infrared  InAs/InGaSb 
superlattice  quantum  well  lasers.  For  these  systems  several  periods  of  an  InAs/InGaSb 
type-II  superlattice  are  grown  in  quantum  wells.  Calculations  of  the  non-radiative  and  ra¬ 
diative  lifetimes  of  the  carriers  utilize  the  full  non-parabolic  band  structure  and  momentum- 
dependent  matrix  elements  calculated  from  a  semi-empirical  multilayer  K  •  p  theory.  From 
these  lifetimes,  threshold  current  densities  have  been  evaluated  for  laser  structures.  We 
find  serious  problems  with  the  hole  and  electron  confinement  in  the  superlattice  quantum 
wells  grown  to  date,  and  propose  a  four-layer  superlattice  structure  which  corrects  these 
problems. 

INTRODUCTION 

Commercial  and  military  interest  in  mid-infrared  lasers  has  spawned  research  efforts 
focusing  on  a  few  promising  strategies  for  constructing  a  laser  active  region.  These  include 
quantum  well[l]  and  superlattice[2,3]  active  regions  in  which  light  is  created  during  an 
interband  recombination  event,  and  quantum  cascade  structures [4],  in  which  the  radiative 
transition  is  between  conduction  subbands.  For  the  first  two  categories,  the  dominant  non- 
radiative  carrier  loss  mechanism  near  the  maximum  operating  temperature  is  carrier-carrier 
(Auger)  scattering,  while  in  the  quantum  cascade  lasers  it  is  electron-phonon  scattering. 

Design  strategies  to  reduce  the  Auger  recombination  rate  have  been  developed  for 
superlattice  active  regions  based  on  InAs/InGaSb[5].  These  include  attempts  to  lower  the 
density  of  states  at  the  valence  edge,  thereby  decreasing  the  threshold  carrier  concentration, 
and  to  eliminate  final  states  for  Auger  processes  within  the  conduction  and  valence  bands. 
Figure  1  shows  two  Auger  processes,  one  involving  two  non-equilibrium  holes  (a),  and  one 
involving  two  non-equilibrium  electrons  (b).  The  processes  are  shown  on  the  calculated 
band  structure  of  a  superlattice  of  16.7A  thick  InAs  layers  alternating  with  35A  thick 
Ino.25Gao.75Sb  layers.  This  structure  appears  to  have  a  relatively  light  in-plane  mass  for 
the  top  valence  band  and  to  lack  final  states  at  resonant  energies  for  Auger  processes. 

Unfortunately  the  above  superlattice  cannot  be  grown  as  is,  since  it  is  not  lattice- 
matched  to  a  useful  substrate.  The  strategy  adopted  for  growing  structures  approximating 
the  above  system  is  to  alternate  several  periods  of  the  superlattice  with  a  strain-relaxing 
barrier  material.  If  the  superlattice  material  can  be  approximated  as  a  bulk  semiconductor 
with  the  band  structure  of  the  superlattice,  one  could  consider  such  a  structure  to  be  a 
multiple  quantum  well  (MQW).  We  will  show  that  this  structure  has  several  unfavorable 
unintended  effects  on  the  electronic  structure  of  the  active  region.  We  will  then  propose  a 
new  family  of  structures,  strain-balanced  on  a  GaSb  substrate,  which  not  only  eliminate 
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Figure  1:  Schematic  of  Auger  process  involving  (a)  two  non-equilibrium  holes  and  one 
non-equilibrium  electron,  and  (b)  two  non-equilibrium  electrons  and  one  non-equilibrium 
hole.  The  band  structure  shown  is  for  16. 7A  In  As/35  A  Ino.25Gao.75Sb  at  low  temperature. 
Kj,  is  in  the  growth  direction  and  K||  is  in  the  in-plane  direction. 

the  problems  with  the  MQW  arrangement,  but  should  perform  better  than  the  ideal  two- 
layer  superlattices  as  well. 

THEORY 

Calculations  of  the  band  structure  including  non-parabolicity,  and  the  K-dependent 
optical  matrix  elements,  were  performed  with  a  superlattice  K  •  p  technique  similar  to  that 
used  for  the  two-layer  superlattices[5]  but  generalized  to  an  arbitrary  number  of  layers  in 
the  unit  cell.  The  radiative  and  non-radiative  recombination  rates  were  then  calculated 
with  the  procedure  described  in  Ref.  6.  Carrier  lifetimes  and  threshold  current  densities 
were  computed  from  these  rates. 

RESULTS 

In  Figure  2(a)  we  show  a  representative  band-edge  alignment  for  a  superlattice  multiple 
quantum  well.  This  structure  was  grown  for  the  benefit  of  optical  investigations  of  carrier 
dynamics!?],  so  the  barrier  material  was  chosen  to  have  a  high  conduction  edge.  Un¬ 
fortunately  the  heavy-hole  confinement  is  weak.  Since  the  quantum  wells  terminate  with 
Ino.26Gao.75Sb  layers,  and  the  barrier  layer  does  not  confine  holes  as  well  as  the  InAs  layers, 
the  top  two  heavy-hole  states  are  localized  in  the  outer  wells.  As  shown  in  Figure  2(b) 
the  HHl  state  does  not  have  a  significant  overlap  with  the  Cl  state  —  it  is  the  HH3  state 
which  has  a  large  overlap.  The  HH1-HH3  splitting  is  approximately  lOmeV,  so  the  five 
top  heavy-hole  subbands  (one  for  each  ternary  layer)  are  approximately  equally  occupied 
at  room  temperature.  Carriers  in  the  HHl  or  HH2  states  will  not  contribute  efficiently  to 
the  gain,  but  will  degrade  laser  performance  through  enhancing  the  possibilities  for  non- 
radiative  recombination.  This  type  of  problem  also  applies  to  the  barrier  materials  used 
in  laser  structures[2],  which  also  have  problems  with  electron  confinement. 
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Figure  2:  (a)  Band  alignment  and  (b)  envelope  functions  for  a  4.5  period  15A  InAs/33A 
Ino.25Gao.75Sb  superlattice  with  400A  Alo.2Gao.8Sb  barriers. 


We  show  in  Figure  3  a  comparison  of  the  band  structure  for  a  two-layer  superlattice 
(3(a)),  and  the  band  structure  for  this  superlattice  MQW  (3(b)).  Two  undesirable  features 
are  evident  in  the  latter:  the  five  low-energy  heavy-hole  states  (one  for  each  ternary  layer) 
are  rather  heavy  in  the  in-plane  direction,  and  there  is  no  evident  gap  in  the  MQW  band 
structure  except  for  a  small  one  just  below  HH5.  Within  K  •  p  theory  a  small  Cl-HHl 
overlap  implies  a  heavy  HHl  mass.  The  design  strategy  for  optimizing  hole-hole  Auger 
recombination  is  predicated  on  the  heavy  hole  having  a  light  in-plane  mass.  Furthermore 
the  gap  in  the  final  states,  which  is  another  element  of  Auger  optimization,  is  eliminated  due 
to  the  multitude  of  subbands  in  the  MQW.  We  therefore  do  not  expect  Auger  recombination 
to  be  suppressed  in  the  superlattice  MQW. 

We  propose  a  new  four-layer  superlattice  to  eliminate  these  problems.  It  has  tensile 
strain  when  grown  on  GaSb  and  thus  the  overall  superlattice  unit  cell  (from  6OA  to  110 A) 
can  be  lattice  matched.  Strain  balancing  over  this  size  unit  cell  should  provide  better 
conditions  for  MBE  growth  than  attempting  to  strain-balance  over  ^-500 A  (as  in  Ref.  2). 
The  new  four-layer  superlattice  is  shown  in  Figure  4(a).  The  design  is  somewhat  similar 
to  the  four-layer  structures  proposed  earlier[3]  for  optically-pumped  active  regions  with  an 
AlSb  fourth  layer. 


Figure  3:  Comparison  of  the  band  structure  of  an  optimized  two-layer  superlattice  (a)  and 
a  two-layer  superlattice  in  a  quantum-well  arrangement.  The  optimized  features  of  the 
band  structure  evident  in  (a),  including  a  light  in-plane  heavy-hole  mass  and  an  absence 
of  states  at  the  resonant  energy  (dashed  line)  are  eliminated  when  the  structure  is  placed 
in  a  quantum  well  in  (b). 
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Figure  4:  (a)  Band  alignment  for  the  new  four-layer  superlattice,  (b)  Cl  and  HHl  envelope 
functions  for  the  four-layer  superlattice  showing  the  extension  of  the  Cl  envelope  function 
over  the  entire  unit  cell. 

Use  of  strained  Alo.3oGao.42lno.i8Aso.5Sbo.5  also  allows  us  to  use  Ino.4Gao.6Sb  as  the 
ternary  layer.  The  increase  in  compressive  strain  in  the  ternary  layer  increases  the  heavy- 
light  hole  splitting,  which  pushes  the  light  hole  farther  down  in  energy.  The  heavy-hole 
band  offset  between  the  ternary  layer  and  the  quintemary  is  estimated  to  be  573meV, 
and  the  conduction  band  offset  between  the  InAs  and  the  quintemary  is  estimated  to 
be  1.045eV.  The  large  heavy-hole  offset  clears  out  final  heavy-hole  states  from  around 
the  resonant  energy.  Unlike  the  “quantum  well” -like  four-layer  structures[3]  proposed  for 
optical  pumping,  the  conduction  state  is  spread  over  the  entire  unit  cell,  as  shown  in 
Figure  4(b).  Thus  the  transport  properties  of  this  structure  may  be  superior  to  those 
grown  with  an  AlSb  barrier. 

The  band  structure  of  the  four-layer  superlattice  is  shown  below  in  Figure  5.  The 
bandwidth  of  the  Cl  state  is  approximately  40meV  in  the  growth  direction.  In  contrast 
to  the  superlattice  MQW  shown  in  Figure  3{b)  the  heavy-hole  state  has  a  light  in-plane 
mass.  The  gap  in  the  final  states  (140meV)  in  Fig.  5  is  even  larger  than  that  found  in  the 
two-layer  superlattice  (30meV)  shown  in  Fig.  3(a).  Since  half  this  gap,  70meV,  is  more 
than  two  optical  phonon  energies,  placing  the  resonant  energy  in  the  middle  of  this  gap 
might  also  suppress  phonon-assisted  Auger  processes. 

This  gap  in  the  final  states  within  the  valence  band  should  have  an  identifiable  signar 
ture  in  the  intersubband  absorption.  We  show  in  Figure  6  a  representative  intersubband 
absorption  calculation  for  such  a  system  at  the  lasing  threshold  density  (defined  as  25cm“^ 
gain)  at  room  temperature{8|.  The  intersubband  absorption  feature,  which  exceeds  500 
cm“^  at  its  peak,  should  be  visible  in  pump-probe  measurements.  The  gain  region  should 
be  placed  midway  between  the  two  intersubband  absorption  features,  as  shown  in  Fig¬ 
ure  6.  By  locating  the  intersubband  absorption  peaks  experimentally  one  can  determine 
how  close  the  grown  structure  approaches  the  calculated  structure,  and  also  how  well  the 
Auger  optimization  procedure  is  working. 

We  find  that  the  threshold  carrier  concentration  for  this  structure  at  25cm“^  gain, 
4.9x  lO^^cm"^,  is  smaller  than  that  calculated  for  the  two-layer  superlattice.  The  calculated 
carrier  lifetime  at  threshold  is  5.2ns,  yielding  a  threshold  current  density  per  unit  thickness 
of  active  region  of  1500A/cm^/im. 


88 


12.6A  lnAs/23A  111046 ao6Sb/12.6A  lnAs/40A  Alo  golnogs^s^o^ASosoSboso 


Figure  5:  Band  structure  for  new  four-layer  superlattice  showing  a  light  in-plane  heavy-hole 
mass  and  a  140meV  gap  in  the  valence  band  structure  centered  at  the  resonant  energy  for 
Auger  transitions  (dashed  line).  The  other  two  dashed  lines  indicate  the  resonant  energy 
in  the  conduction  band  for  Auger  transitions  and  the  energy  gap  itself. 
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Figure  6:  For  an  Auger-optimized  structure  the  intersubband  absorption  (here  dominated 
by  that  coming  from  the  valence  subbands)  has  a  gap  at  the  lasing  energy  due  to  the 
absence  of  final  valence  states.  Hence  the  Auger  optimization  procedure  also  optimizes 
intersubband  absorption.  The  large  intersubband  features  (here  shown  for  the  calculated 
threshold  carrier  density)  should  be  visible  in  a  pump-probe  experiment. 
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CONCLUSIONS 


We  find  that  the  procedure  of  growing  optimized  two-layer  superlattices  in  an  MQW 
structure  for  strain  balancing  does  not  preserve  the  optimized  features  of  the  band  struc¬ 
ture.  We  propose  a  new  four-layer,  lattice-matched,  structure  which  has  even  better  cal¬ 
culated  properties  than  the  original  two-layer  structures.  Strain  balancing  over  a  shorter 
unit  cell  should  also  improve  conditions  for  MBE  growth. 
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ABSTRACT 

(Al,  In)GaAsSb/GaSb  MQW  lasers  with  a  broadened  waveguide  have  been 
used  to  fabricate  2-|j,m  diode  lasers  with  CW  output  power  of  1.2  W.  2-pm 
linear  arrays  have  output  powers  of  11 W  and  an  efficiency  of  0.13  W/A. 

INTRODUCTION 

Semiconductor  lasers  with  emission  wavelengths  of  2  pm  or  longer  are 
being  developed  for  low-cost,  high-sensitivity  gas  sensing^  and  LIDAR 
instruments.  In  addition,  optically  pumped  lasers  at  X,  =  4  pm  have  been 
reported  using  a  2  pm  laser  as  the  excitation  source^.  2-pm  lasers  are 
fabricated  using  active  regions  of  InGaAs  on  InP  substrates^  or  InGaAsSb  on 
GaSb  substrates^.  The  applications  cited  above  favor  the  latter  case  since  they 
would  benefit  from  wavelengths  longer  than  2  pm^,  a  wavelength  range 
currently  inaccessible  from  strained  InGaAs  on  InP. 

This  report  describes  the  use  of  broadened  waveguide  (BWG)  technology 
to  fabricate  discrete  2-pm  (Al,  In)GaAsSb/GaSb  lasers  with  output  powers 
greater  than  1  W  and  linear  arrays  with  output  powers  of  11  W.  A  BWG 
structure  reduces  optical  loss  by  confining  the  transverse  mode  mainly  to  the 
thick  (~1  pm),  undoped  waveguide  portion  of  the  laser  structure.  The  low 
optical  loss  realized  in  the  BWG  laser  allows  a  long  Fabry-Perot  cavity  length 
(k  2  mm)  to  be  used  without  significantly  reducing  the  laser  efficiency. 

EXPERIMENT 

Broadened  Waveguide  Design 

Figure  1  illustrates  the  broadened  waveguide  concept.  The  standard  design 
is  based  on  maximizing  the  overlap  of  the  optical  mode  with  the  quantum 
wells.  As  a  result,  a  significant  portion  of  the  optical  mode  extends  into  the 
doped  cladding  layers  where  the  optical  loss  is  higher  than  in  the  undoped 
waveguide.  By  broadening  the  waveguide  the  fraction  of  the  optical  mode  in 
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the  cladding  layers  and  the  optical  loss  of  the  structure  is  reduced.  The 
overlap  of  the  optical  mode  and  the  quantum  wells  is  also  reduced,  but  this 
factor  is  more  than  compensated  for  by  increasing  the  cavity  length. 


STANDARD  DESIGN 


BROADENED  WAVEGUIDE 


Figure  1.  Schematic  diagram  illustrating  the  broadened 
waveguide  concept. 

The  structure  used  to  fabricate  2-pm  lasers  is  shown  in  Fig.  2  and  has  been 
described  in  detail  in  reference  5.  Briefly,  the  array  uses  5 
Ino.19Gao.8lAso.02Sbo.98  quantiim  wells  sandwiched  inside  a  880  nm  wide 
Alo.26Gao.76Aso.02Sbo.98  waveguide.  The  waveguide  layers  are  xmdoped.  The 
cladding  layers  are  Al0.90Ga0.10As0.07Sb0.93-  All  layers  except  the  quantum 
wells  are  lattice  matched  to  the  GaSb  substrate.  The  quantum  wells  have  are 
compressively  strained  by  1%. 
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Figure  2.  Band  structure  of  2‘pm  (Al,  InXlaAsSb/GaSb  multi¬ 
quantum  well  laser 
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Diode  Laser  Resvilts 

The  increase  in  differential  quantum  efficiency  effected  by  broadening  the 
waveguide  is  shown  in  Fig.  3.  (Al,  In)GaAsSb/GaSb  laser  structures  with 
waveguide  thicknesses  of  W  =  0.12,  0.32,  and  0.88  |xm  were  tested  for  output 
power  and  efficiency.  The  highest  efficiency,  Tld  =  36%,  and  output  power,  P©  = 
1.2  W  are  obtained  from  the  laser  with  the  widest  waveguide  layer,  0.88  pm. 


Current,  1(A) 


Figure  3.  Output  characteristics  of  2-pm  MQW  lasers  with 
waveguide  thicknesses  of  0.12,  0.32,  and  0.88  pm. 

Figure  4a  indicates  the  decreasing  optical  mode  overlap  with  the  cladding 
layers  as  the  waveguide  thickness  is  increased.  Also  in  Fig.  4a,  it  should  be 
noted  that  the  mode  overlap  with  the  quantum  wells  varies  by  only  25%. 
Decreasing  internal  loss  with  increasing  waveguide  thickness  is  shown  in 
P^g.  3b.  The  Calculated  values®  are  based  on  the  fraction  of  the  mode  in  the 
cladding  layer  and  a  free- carrier-absorption  value  of  87  cm‘2.  The  broadest 
waveguide  laser  structure  has  a  measured  internal  loss  value  of  2  cm-1. 

Array  Fabrication 

Arrays  of  stripe  lasers  were  fabricated  by  depositing  a  layer  of  Si02  onto  the 
p-cap  layer  and  patterning  it  with  100-,  200-,  or  300-pm-wide  stripe  openings. 
Electrical  contact  was  made  to  the  GaSb  p+  cap  and  n+  substrate  using  Cr,  Au, 
and  Sn,  Ni,  Au,  respectively.  Prior  to  depositing  the  n-contact  metal,  the 
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substrate  is  thinned  to  100  )im.  2-inm-long  bars  were  cleaved  from  the  wafer. 
Front  and  back  facets  were  coated  to  achieve  reflectivities  of  3%  and  95%, 
respectively.  Arrays  with  up  to  20  elements  were  chipped  from  the  cleaved 
bars  and  mounted,  p-side  down,  onto  a  Cu  heat  sink  using  In  solder.  A  few 
individual  lasers  were  also  chipped  from  each  bar  for  testing. 


(a) 


WiiViBuids  ThiduiMS,  W  (^m) 
(b) 


Figure  4  Confinement  factors  for  cladding  and  quantum  well 
layers  (a)  and  internal  loss  values  (b)  as  a  function  of  waveguide 
thickness. 


The  packaged  arrays  were  mounted  onto  a  separate  Cu  block  cooled  by  a 
recirculating  water-ethylene  glycol  solution.  Thermocouples  were  attached  to 
the  heat  sink  and  to  the  array  itself  to  monitor  their  respective  temperatures 
during  operation. 

ARRAY  RESULTS 

A  7-element  array  of  0.2  x  2.0  mm^  lasers  on  a  500  pm  pitch  was  tested.  P-I 
characteristics  shown  in  Fig.  5  indicate  a  maximum  output  power  of  5  W  at  a 
CW  drive  current  of  34  A  and  an  array  temperature  of  32  ®C.  The  array 
operated  up  to  a  temperature  of  62  ®C.  The  threshold  current  temperature 
dependence  over  the  range  of  32-62  °C  yields  a  characteristic  temperature  of  87 
K. 
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Figure  6.  P-I  Characteristic  of  a  20-element,  laser  array 
with  an  output  power  of  11  W  CW. 


95 


Figure  6  shows  the  P-I  characteristic  of  a  20>element  array  of  0.3  x  2.0  mm^ 
stripe  lasers.  An  output  power  of  11  W  was  achieved  at  a  drive  current  of  80  A 
and  a  heat  sink  temperature  of  -17  °C.  The  20-element  array  was  operated  for 
100  hours  at  a  power  level  of  2.6  W  and  retested.  There  was  no  significant 
change  in  operating  characteristics. 

CONCLUSIONS 

We  have  demonstrated  a  discrete  (Al,  InXlaAsSb/GaSb,  2-pm  laser  using  a 
broadened  waveguide  design  with  a  CW  output  power  of  1.2  W  CW.  The 
broadened  waveguide  is  shown  to  produce  higher  efficiency  and  lower  internal 
loss  compared  to  the  standard  laser  design.  A  20-element  array  of  stripe 
lasers  has  achieved  a  CW  output  power  of  11  W  at  a  temperature  of -17  °C. 
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ABSTRACT 

Three  types  of  structures  were  fabricated  using  molecular  beam  epitaxy.  High-resolution 
x-ray  diffraction  measurements  demonstrated  the  high  structural  quality  of  InSb/AlxIni-xSb 
superlattices  grown  on  InSb  and  GaAs  substrates.  Hall  effect  data  revealed  the  effect  of  substrate 
temperature  on  autocompensation  in  InSb  6-doped  with  Si.  Two-dimensional  electron  systems 
with  a  high  mobility  were  realized  in  InSb  quantum  wells  with  AlxIni.xSb  barriers  5-doped  with  Si. 

INTRODUCTION 

InSb  has  the  narrowest  bandgap,  the  smallest  effective  mass,  and  the  highest  intrinsic 
electron  mobility  of  all  binary  III-V  semiconductors.  These  characteristics  make  InSb  an 
attractive  material  both  for  industrial  applications,  such  as  infrared  detectors  and  magnetoresistive 
sensors  [1],  and  for  studying  the  physics  of  electrons  in  semiconductors.  Incorporation  of  an 
electron  barrier  material  can  lead  to  improved  device  performance  [2]  and  allows  the  fabrication 
of  InSb  quantum  wells.  However,  these  heterostructures  are  difficult  to  realize  since  no  III-V 
binary  or  ternary  compounds  are  lattice  matched  to  InSb.  An  attempt  was  made  in  1990  using  the 
II- VI  compound  CdTe  as  the  barrier  material.  However,  cross  doping  between  the  III-V  and 
II- VI  compounds  led  to  poor  interface  quality  and  a  correspondingly  low  carrier  mobility  [3]. 
Attention  has  since  been  turned  to  AlxInt.xSb  as  a  potential  barrier  material.  AlSb  has  a  ~5% 
smaller  lattice  constant  than  InSb,  but  it  also  has  a  much  larger  energy  gap.  In  1994,  Saker  et  al. 
demonstrated  quantum  confinement  in  InSb  quantum  wells  with  AlxIni.xSb  barriers  [4]. 

To  further  investigate  the  potential  of  these  materials,  we  have  grown  a  variety  of 
InSb/AlxIni-xSb  strained  layer  structures  on  GaAs(OOl)  and  InSb(OOl)  substrates.  In  this  paper, 
data  is  reported  on  three  types  of  structures.  First,  high-resolution  x-ray  diffraction  (HRXRD) 
performed  on  InSb/AlxIni.xSb  superlattices  characterize  their  structural  quality.  Second,  Hall 
effect  measurements  made  on  InSb  layers  6-doped  with  Si  reveal  the  effect  of  substrate 
temperature  on  Si  autocompensation.  Third,  Hall  effect  measurements  demonstrate  that 
two-dimensional  electron  systems  with  high  mobility  can  be  realized  in  InSb  quantum  wells  with 
5-doped  AlxIni-xSb  barriers. 

EXPERIMENT 

All  samples  were  grown  in  an  Intevac  Modular  Gen  II  molecular  beam  epitaxy  system. 
Effusion  cells  were  loaded  with  In  (7N  RASA),  Al  (6N  Ulvac),  Sb  (6.5N  Dowa),  and  Si  (Silicon 
Sense).  An  EPI  Sb  cracker  was  used  with  a  cracking  zone  temperature  of  900®C.  Growth  rates 
for  InSb  and  AlSb  were  calibrated  and  AlxIn^xSb  composition  was  deduced  from  temporal 
oscillations  in  the  intensity  of  reflection  high  energy  electron  diffraction  (RHEED)  patterns. 
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Substrate  temperatures  were  calibrated  through  changes  in  the  RHEED  pattern  upon  crossing  the 
transition  temperature,  7’,^«390“C,  at  which  the  InSb  surface  reconstruction  changes  between 
c(4x4)  and  pseudo(lx3).  The  Al,Ini.,Sb  and  InSb  layers  were  grown  at  substrate  temperatures  of 
~r,^+30±5®C,  an  Sb/group-III  flux  ratio  slightly  larger  than  unity,  and  an  InSb  growth  rate  of 
~0,8ML/s. 

HRXRD  was  performed  using  a  Philips  Materials  Research  Diffractometer  with  a 
four-reflection  Ge  (220)  monochronjeter.  Dynamical  simulations  were  carried  out  using  Philips 
PC-HRS  Simulation  Software.  Hall  effect  measurements  at  magnetic  fields  up  to  0.5T  were 
performed  on  square  samples  with  ~4mm  edges.  Electrical  contact  was  made  at  each  comer  of  a 
sample  by  alloying  In  at  •-210“C  in  a  H2(15%)/N2(85%)  atmosphere  for  2-5  minutes.  Ohmic 
contact  was  checked  through  observation  of  linear  current- voltage  characteristics.  Resistivity  and 
Hall  resistances  were  determined  from  measurements  at  300K,  77K,  and  4.2K  using  the  van  der 
Pauw  geometry. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Abrupt  interfaces  are  required  for  many  device  stmctures.  To  characterize  interfacial 
quality,  an  AlxInj.xSb/InSb  superlatticc  was  grown  on  an  InSb  substrate  with  a  3pm-thick  InSb 
buffer.  The  HRXRD  data  (soUd  line)  is  shown  in  Figure  la  for  the  superlattice  structure  shown  in 
Figure  lb.  The  q>-26  scan  reveals  a  large  number  of  sharp  satellite  peaks  (m  1,  ±2,  etc.)  on 
either  side  of  the  central  peak  (m  =  0).  The  prominent  peak  at  0  =  28.394“  is  due  to  the  InSb 
substrate  and  buffer  layer.  From  the  separation  between  the  satellite  peaks  and  from  the  location 
of  the  central  peak,  we  deduce  a  period  of  364A  and  an  alloy  composition  of  12.7%,  respectively. 
The  simulation  (dashed  line)  shows  very  good  agreement  with  our  data,  indicating  that  the 
superlattice  has  interfaces  of  very  high  quality.  A  HRXRD  map  of  the  (TTs)  reciprocal  lattice 
points  verifies  that  the  superlattice  barriers  are  strained  to  the  lattice  constant  of  the  InSb 
substrate. 

Growth  on  semi-insulating  GaAs  substrates  is  desirable  in  order  to  minimize  parallel 
conduction  paths  at  room  temperature,  as  well  as  to  allow  for  potential  integration  with  GaAs 
devices.  Figure  2a  shows  the  results  of  a  HRXRD  CO-2G  scan  (solid  line)  of  an  Alxlni.xSb/InSb 
superlattice  grown  on  a  GaAs  substrate,  which  is  shown  in  Figure  2b.  GaSb,  AlSb,  and  Al*Ini.*Sb 
buffer  layers  were  inserted  to  help  alleviate  the  effects  of  the  14.6%  lattice  mismatch  between 
InSb  and  GaAs.  The  series  of  peaks  between  6  =  27.5-29“  arise  fium  the  superlattice  and 
adjacent  Alo.i23lno.87sSb  buffer  layer.  From  the  location  of  the  central  peak  (m  -  0),  we  calculate 
the  average  lattice  parameter  of  the  superlattice  and  thereby  determine  an  aluminum  alloy 
composition  of  14.5%.  We  observe  several  satellite  peaks  (m  =  -1,  ±2,  etc.);  the  m  =  +1  satellite 
peak  is  obscured  by  the  dominant  peak  at  0  =  28.549“,  which  is  attributed  to  the  Alo.i25lno.873Sb 
buffer  layer.  From  the  spacing  between  satellite  peaks,  we  deduce  a  superlattice  period  of  340A. 
A  HRXRD  reciprocal  space  map  of  the  (115)  reflections  indicates  that  the  superlattice  structure 
is  strained  to  the  lattice  constant  of  the  AlxIni.xSb  buffer  layer. 

The  dashed  line  in  Figure  2  shows  the  simulated  data.  The  simulation  software  only 
allows  for  strained  layers,  so  we  performed  the  simulation  defining  the  3^m  Alo.i2sInos73Sb  layer 
as  the  substrate.  As  a  result,  the  broad  peak,  which  arises  from  the  l|xm  AlouIno^sSb  layer  and 
which  washes  out  the  +5  and  +7  satellite  peaks,  is  not  modeled.  The  widths  of  the  satellite  peaks 
we  observe  here  are  larger  than  for  the  superlattice  grown  on  InSb,  presumably  due  to  the  large 
lattice  mismatch  between  the  substrate  and  the  superlattice  and  the  lack  of  optimization  in  the 
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Figure  2:  (a)  (004)  HRXRD  (i>-20  scan  (solid)  and  simulation  (dashed)  for  a  10  period  Al^^Inj  ^Sb/InSb  SLS  grown  on 
a  GaAs  substrate.  An  A1  alloy  concentration  of  14.5%  was  obtained  from  the  simulation.  FWHM=  274  arcsec  for  the 
AIq  i25l”o  875^*^  broad  peak  obscuring  the  m=+5  and  +7  satellite  peaks  was  not  modeled,  (b)  Structure  of 

the  AI  Inj  j^Sb/InSb  SLS  sample. 


buffer  layers.  However,  good  agreement  is  still  seen  between  the  experimental  and  simulated 
data,  indicating  that  the  interfaces  in  the  superlattice  are  of  high  quality. 

Well  behaved  dopants  are  also  in^rtant  for  many  device  structures.  The  use  of  Si  as  a 
donor  in  InSb  has  been  motivated  by  its  low  vapor  pressure  and  its  successful  use  as  a  donor  in 
GaAs.  However,  Si  atoms  (column-IV  in  the  periodic  table)  can  be  cither  donors  or  acceptors  in 
InSb,  depending  on  whether  they  occupy  In  or  Sb  atomic  sites.  Bulk  doping  of  InSb  does  result 
in  n-type  conduction  across  a  range  of  growth  conditions,  but  the  number  of  donors  for  a  given  Si 
concentration  decreases  with  increasing  substrate  ten^rature  [S].  Since  fewer  Sb  sites  are 
available  during  S-doping  (In  shutter  closed,  Sb  shutter  open),  n-type  material  with  less 
autocompensation  is  expected  in  $-doped  structures. 

A  series  of  5-doped  samples  was  grown  to  explore  the  effect  of  substrate  temperature  on 
Si  autocon^nsation.  Each  sample  consists  of  an  InSb  epilayer  with  a  Si  $-doped  layer  located 
3100A  below  the  surface.  A  high  doping  density  ensures  that  electricai  conduction  at  low 
temperature  will  be  dominated  by  the  d-doped  layer.  The  only  difference  among  the  sanmles  is 
the  substrate  ten^rature,  r«,  used  both  during  the  5-doping  and  the  growth  of  the  31(X)A  InSb 
cap  layer.  Figure  3  is  a  plot  of  carrier  density,  from  Hall  effect  measurements  at  77K,  as  a 
function  of  Ts.  For  Tg  well  below  T„ ,  the  carrier  density  maintains  a  roughly  constant  value  of 
~4xl0'^  cm'^.  However,  for  ten^ratures  above  the  carrier  density  decreases  strongly  with 
increasing  Tg. 

An  additional  san:q)le  was  grown  to  con^are  the  relative  in^rtance  of  the  substrate 
temperature  during  doping  and  the  substrate  temperature  during  cap  layer  growth.  E>oping  was 
performed  at  a  high  temperature,  r„+30®C,  while  the  cap  layer  was  grown  at  a  low  temperature. 
r„.-20“C.  The  measured  carrier  concentration  of  3.0xl0‘^cm'^  was  six  times  higher  than  in 
saii:q)le  S3 17,  where  both  the  doping  and  cap  layer  tenperatures  were  r^+30"C,  but  only  25% 
lower  than  in  sample  S3 14,  where  both  the  doping  and  cap  layer  ten^ratures  were  r,,-20*’C. 
We  therefore  conclude  that  ten^rature-dependent  autocompensation  occurs  primarily  during 
growth  of  the  cap  layer. 

To  determine  whether  autocon^nsation  occurs  due  to  simple  difhision,  a  san^le  identical 
to  S3 14  (5-doping  and  cap  layer  growth  at  7’,,-20®C)  was  grown  but  with  an  in  situ  anneal 
performed  after  growth.  The  sample  was  annealed  at  r„.440®C  for  a  time  interval  equal  to  that 
needed  to  grow  the  5-doped  and  cap  layers.  The  measured  carrier  density  of  3.70xl0'^cm'^  was 
only  slightly  lower  than  what  was  obtained  for  the  same  growth  parameters  without  annealing. 
Hence,  simple  diffusion  is  not  the  dominant  mechanism  for  autocompensation.  We  therefore 
attribute  the  temperature  dependent  carrier  concentration  predominantly  to  surface  segregation  of 
Si  atoms  through  hopping  on  to  Sb  sites.  Recent  images  of  InSb  surfaces  obtained  from  scanning 
tunneling  microscopy  support  the  plausibility  of  this  interpretation.  The  c(4x4)  surface  is 
observed  to  be  con^letely  Sb  terminated  while  one  third  of  the  sites  on  the  pseudo(lx3)  surface 
are  Sb  sites  [6]. 

The  ability  to  form  abrupt  interfaces  and  to  control  /i-type  doping  makes  possible  the 
growth  of  remotely-doped  InSb  quantum  well  structures  [7].  A  typical  such  structure  contains  a 
300A  InSb  quantum  well  with  Ai0.07ln0.93Sb  barriers  on  a  GaAs  substrate.  The  electrons  in  the 
quantum  well  are  supplied  by  a  5-dopcd  Al0.07In0.93Sb  layer  located  300A  above  the  quantum  well. 
Hall  effect  measurements  indicate  that  the  carrier  density  decreases  from  6.63x1 0"cm'^  at  room 
temperature  to  1.9xl0"cm'^  at  77K  and  4.2K,  and  the  mobility  increases  monotonically  from 
19,800cm^V's''  at  room  tenqx^rature  to  77,OOOcm^V**s’'  at  77K  to  97,000cm^V''s*‘  at  4.21C 
Both  of  these  behaviors  are  qualitatively  similar  to  what  is  seen  in  GaAs  quantum  wells,  but  are 
distinctly  different  from  what  is  observed  for  transport  through  either  5-doped  layers  [8]  or 
undoped  InSb  [9].  As  such,  our  transport  data  serves  as  evidence  that  a  two-dimensional  electron 
system  exists  in  the  InSb  quantum  well. 
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Figure  3:  Plot  of  carrier  density,  measured  at  77K,  vs.  substrate  temperature  during  5-doping  and  subsequent  cap 
layer  growth.  The  structure  is  shown  in  the  inset. 

CONCLUSIONS 

HRXRD  data  indicates  that  strained  InSb/AIxIni.xSb  structures  with  good  interface  quality 
can  be  obtained  on  either  InSb  or  GaAs  substrates.  Silicon  can  be  used  for  8-doping  of  InSb,  but 
low  substrate  temperatures  must  be  used  to  avoid  autocompensation  due  to  Si  segregation  with 
the  growth  front.  Two-dimensional  electron  systems  with  a  high  mobility  can  be  realized  in  InSb 
quantum  wells  with  remotely-doped  AlxIni.xSb  barriers. 
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ABSTRACT 

We  report  on  the  optimum  growth  conditions  for  Molecular  Beam  Epitaxy 
(MBE)  growth  of  InSb  onto  InSb  (1 1 1)A  and  (1 1 1)B  substrates.  It  was 
found  that  for  (1 1 1)A  substrates  the  optimum  epilayer  morphology  was 
obtained  for  growth  temperatures  above  385'C  and  with  a  Sb:In  ratio  of 
1.5: 1.  In  contrast,  for  the  (1 1 1)B  surface,  best  morphology  was  found  for 
growth  temperatures  above  385“C  but  with  V:III  ratio  of  ~7.0: 1.  In  both  cases 
the  dopant  incorporation  was  found  to  be  the  same  as  the  (100)  surface  and 
did  not  particularly  depend  either  on  V:III  ratio  or  substrate  temperature.  We 
also  describe  the  device  characteristics  of  InAlSb  light  emitting  diodes  (LEDs) 
grown  lattice  matched  onto  ternary  InGaSb(l  1 1)A  substrates  using  the 
optimized  growth  conditions  obtained. 

INTRODUCTION 

InSb  has  recently  attracted  a  lot  of  attention  due  to  its  unique  material  properties  which  are  a  result 
of  its  narrow  energy  gap.  A  low  electron  effective  mass  and  very  high  saturation  velocity  offer  the 
opportunity  of  very  high  speed,  low  power  and  low  noise  electronic  devices  [1].  In  addition,  it  has 
a  cutoff  wavelength  of  ~7/<m  at  room  temperature  and  so  has  found  particular  applications  in 
infrared  detectors.  Recently  we  have  reported  on  room  temperature  InSb/InAlSb  heterostructure 
LEDs  grown  by  MBE  which  show  both  positive  and  negative  luminescence  with  a  peak  spectral 
output  at  ~5.8/im  [2,3]  and  also  the  first  InSb  diode  lasers  with  emission  wavelengths  of  5.1/<m 
and  operation  up  to  90K  [4].  To  enable  these  lasers  to  achieve  operation  at  ambient  temperatures  we 
plan  to  utilize  strain  effects  to  reduce  Auger  recombination  mechanisms  in  quantum  well  structures. 
As  InSb  has  the  largest  lattice  parameter  of  the  III-V  compounds,  it  does  not  lattice  match  to  any 
wider  gap  III-V  material  which  could  be  used  for  optical  and  electrical  confinement.  We  therefore 
have  initiated  a  programme  of  work  aimed  at  producing  InGaSb  ternary  substrates  for  lattice 
matching  to  InAlSb  using  a  novel  double  crucible  Czochralski  technique  [5].  So  far,  since  we  have 
been  using  InSb  seed  crystals,  the  Ga  composition  varies  along  the  length  of  the  crystal.  As  the 
crystals  are  pulled  on  the  (1 1 1)  axis,  wafers  therefore  have  to  be  cut  on  (1 1 1)  to  maintain  Ga 
composition  and  hence  lattice  parameter  across  the  slice.  The  growth  conditions  for  MBE  growth 
onto  (111)  substrates  have  been  found  to  be  significantly  different  to  those  necessary  for  growth 
onto  (100)  surfaces  for  other  material  systems  such  as  GaAs  [6].  We  have  therefore  investigated  the 
MBE  growth  of  InSb  onto  lnSb(l  1 1)A  and  (1 1 1)B  substrates  as  a  function  of  substrate  temperature 
and  V:1II  ratio  and  studied  the  resulting  surface  morphologies  and  dopant  incorporation. 

Most  previous  InSb  MBE  work  has  been  based  on  (100)  growth  [7],  although  growth  onto  (1 10) 
[8]  and  (1 1 1)  [9]  has  been  reported.  One  such  paper  [9]  reported  Reflection  High  Energy  Electron 
Diffraction  (RHEED)  patterns  for  (1 1 1)A,  (1 1 1)B  and  (100)  surfaces  as  a  function  of  V:III  ratio  but 
made  no  comment  about  epilayer  morphology  or  doping.A  more  recent  publication  [10]  has 
investigated  MBE  growth  of  InSb  onto  GaAs(l  1 1)B  substrates.  This  work  concentrated  on  full 
width  half  maximum  (FWHM)  of  X-ray  diffraction  peaks  as  a  function  of  growth  temperature  and 
epilayer  thickness.  No  comment  was  made  about  epilayer  morphology,  but  presumably  the  14% 
mismatch  in  this  material  system  precludes  very  high  quality  epitaxy. 

Having  obtained  optimum  growth  conditions  for  these  lnSb(l  1 1)  surfaces,  we  have  been  able  to 
produce  InAlSb  LED  diodes  nominally  lattice  matched  to  InGaSb  ternary  substrates  and  report  here 
on  their  room  temperature  operation. 
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EXPERIMENTAL 


All  the  layers  were  grown  in  a  nnodified  VG  V80H  MBE  reactor  equipped  with  elemental  Sb,  In  and 
Al  effusion  sources  and  Si  and  Be  sources  for  n  and  p  type  doping  respectively.  ( 1 1 1)A  and  (1 1 1)B 
wafers  were  supplied  by  MCP  Wafer  Technology  Ltd  and  doped  n-type  with  Te  at  '-2x101 5cin-3. 
Prior  to  insertion  into  the  reactor  the  wafers  were  degreased  in  acetone,  trichloroethylene  and  iso¬ 
propyl  alcohol  and  etched  in  a  modified  CP4  etch  described  previously  {11].  Native  surface  oxide 
was  removed  using  atomic  hydrogen  produced  by  an  Astex  AX4300  Hectron  Cyclotron  Resonance 
(ECR)  plasma  source,  using  conditions  which  have  been  shown  to  provide  and  oxide  free, 
atomically  flat  surface  [11].  InSb  growth  rates  were  measured  by  In  induced  RHEED  oscillations 
from  the  (100)  surface  and  nominally  set  to  0.5;<m/hr.  The  Sbiln  ratio  was  measured  by  using  Sb 
induced  RHEED  oscillations  from  the  same  sample  and  varied  as  described  below  in  the  text.  For 
InAlSb  barrier  layers  and  layers  grown  lattice  matched  to  ternary  substrates,  the  Al  composition  was 
calibrated  by  use  of  AlSb  RHEED  oscillations  from  a  GaSb(100)  surface  cleaned  with  the  ECR 
plasma  source. 


Substrate  temperature  during  growth  was  calibrated  for  the  ( 11 1  )A  surface  with  reference  to  the 
c(4x4)-»lx3  surface  phase  transition  from  a  (100)  InSb  sample  mounted  alongside  the  (1 1 1)A 
wafer  on  the  sample  block.  The  substrate  temperature  for  ( 1 1 1  )B  growth  was  calibrated  by  a 
surface  phase  transition  described  below.  InSb  diode  layers  were  grown  at  V:III  ratios  of  1.5, 4.0, 
7.0  and  13.0: 1  and  at  substrate  temperatures 
of  Tt+50,  Ti.  Ti-25  and  Tt-50*C.  The  a) 

epilayer  structure  studied  was  the  same  in 
each  case:  a  p-i-n  diode  comprising  l/im  p+ 

InSb/0.02^m  p+  Ino.gsAlo.isSb/O.VS/zm 
undoped  InSb/lfitn  n*  InSb.The  chemical 
Be  doing  level  for  al)  layers  was  nominally 
3x101  Scm-3,  and  the  Si  level  nominally 
2x  i0>  9cm-3,  based  on  calibrations  achieved 
previously  using  InSb(lOO)  epitaxy. 

RESULTS  b)  _ 

a)lnSb(lil)B 

The  ( 1 1 1)B  surfaces  were  cleaned  for  ten 
minutes  using  the  ECR  hydrogen  plasma 
under  an  Sb  overpressure.  The  RHEED 
pattern  of  the  cleaned  surface  at  ~350*C 
exhibited  a  6x2  reconstruction  which 
changed  to  2x2  on  increasing  the  substrate 
temperature.  On  cooling,  the  pattern 
changed  to  a  1x1  even  down  tO'-150*C. 

This  is  in  contrast  to  the  (100)  surface  , .  nirr-i-r^  ,  ^  r/v.rx, 

where  a  spotty  RHEED  pattern  is  obtained  Figure  1 )  RHEED  (»<tems  of  the  [0 1 0) 

below  ~250‘C  due  to  Sb  condensation  [121.  ???  1  ^ ® 

Figure  1  shows  RHEED  patterns  obtained  T^460  C  and  b)  2x  pattern  at  T+470  C 

from  the  (1 1 1)B  surface  along  the  [010] 

azimuth.  Figure  la)  shows  the  6x  pattern  at  an  indicated  substrate  temperature  of  460'C  and  figure 
1  b)  shows  the  same  azimuth  at  470*C,  exhibiting  a  2x  symmetry.  To  enable  substrate  temperature 
calibration,  a  transition  temperature  Tt  was  defined  as  the  point  where  the  l/6th  order  streaks  in 
figure  la)  disappeared,  at  a  Sb:In  ratio  of  7.0: 1.  To  estimate  the  true  temperature  of  thisTt,  (1 1 1)B 
and  (100)  samples  were  mounted  side  by  side  on  a  single  substrate  block.  Comparison  of  the 


( 1 1 1  )B  6x2”*2x2  transition  temperature  (V:II1  =  7.0)  with  our  usual  ( 100)  c(4x4)-»  1  x3  transition 
(V:III  =  1.50)  showed  that  the  two  temperatures  were  equivalent  to  within  a  few  *C.  The  transition 
temperature  on  the  (001)  surface  has  previously  been  estimated  to  be  ~385-390*C  [7).  All  layers 
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subsequently  grown  on  (1 1 1)B  were  thus  referenced  to  Tt. 

InSb(l  1 1)B  layers  were  first  grown  as  a  function  of  Sb:In  ratio  at  a  fixed  substrate  temperature  of 
Tt.  At  V:III=1.5  the  surface  morphology  was  mirror-like  and  when  examined  with  a  Nomarski 
microscope  the  surface  appeared  smooth  apart  from  a  number  inclusions  at  a  density  of  ~103-104 
cm-2;/m- 1.  These  inclusions  were  similar  to  features  seen  in  (100)  epitaxy  (we  have  examined  them 
in  the  past  and  they  appear  to  be  InSb),  although  at  a  higher  density.  On  increasing  the  V:III  ratio  to 
4.0  the  number  of  inclusions  fell,  and  the  density  fell  again  on  increasing  the  ratio  to  7.0  (~500  cm- 
1).  However,  on  increasing  the  Sb:In  ratio  to  12.0,  the  surface  remained  mirror-like  to  the 
naked  eye  but  showed  a  uniform  ‘orange-peel’  structure  under  Nomarski.  The  V:III  ratio  of  7.0: 1 
was  thus  chosen  as  the  optimum  to  study  morphology  as  a  function  of  growth  temperature. 

(1 1 1)B  growth  as  a  function  of  temperature  was  much  more  critical  than  versus  V:III  ratio.  Figure  2 
a)  shows  a  Nomarski  micrograph  of  a  layer  grown  at  Tt+50“C.  It  can  be  seen  that  the  surface  is 
featureless  apart  from  a  small  number  of  the  inclusions  described  above.  Figure  2b)  shows  a  similar 
micrograph  for  a  layer  grown  atTfSO'C.  In  this  case  the  wafer  surface  was  matt  to  the  eye  and,  as 
can  be  seen  from  the  figure,  the  layer  comprised  a  very  high  density  of  triangular  pyramids.  Growth 
atTt-25“C  yielded  a  similar  result  with  a  lower  density  of  islands.  In  summary,  (11 1)B  growth 
gives  optimum  epilayer  morphology  with  a  V :III  ratio  of  ~7.0  at  growth  temperatures  >Tt,  with 
morphology  improving  with  increasing  substrate  temperature. 


Figure  2)  Nomarski  micrographs  (x80)  of 
InSb(l  1 1)B  diodes  grown  at  a  substrate 
temperature  of  a)  Tt+50  and  b)  Tt-SO'C. 
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Figure  3)  Nomarski  micrographs  (x80)  of 
InSb(l  1 1)A  diodes  grown  at  an  Sb;In  ratio 
of  a)  1.50:1  and  b)  4.0:1 


As  every  layer  grown  was  a  p-i~n  diode,  Secondary  Ion  Mass  Spectrometry  (SIMS)  measurements 
were  carried  out  to  determine  the  chemical  doping  level  in  each  case.  All  layers  exhibited  the  same 
Be  and  Si  level  as  would  be  expected  for  epitaxy  onto  InSb(  100)  i.e.  V :III  ratio  and  growth 
temperature  did  not  aifect  chemical  doping  level.  We  are  currently  investigating  the  effect  of  these 
parameters  on  dopant  activation  as  it  has  teen  shown  previously  that  Si  activation  is  highly 
dependent  on  substrate  temperature  in  InSb(100)  MBE  [13]. 

b) InSb{lll)A 

After  hydrogen  ECR  plasma  cleaning  for  ten  minutes,  the  ( 1 1 1)A  surface  displayed  a  2x2  RHEED 
pattern  at  all  substrate  temperatures  and  V:III  ratios.  Therefore  it  was  necessary  to  mount  a  small 
piece  of  (100)  InSb  to  enable  substrate  temperature  calibration  as  described  above.  The  ( 1 1 1)A 
surface  was  found  to  be  much  more  sensitive  to  V:III  ratio  than  the  ‘B’  face.  At  Sb:In  =  1.50  and  a 
growth  temperature  of  T,,  the  resulting  surface  was  mirror-like  with  a  density  of  inclusions,  as  seen 
on  the  (1 1 1)B  surface,  of  ~10tcm-2;<m- 1.  A  Nomarski  micrograph  of  such  a  surface  can  be  seen  in 
Figure  3a).  On  increasing  the  Sb:In  ratio  to  4.0  the  epilayer  surface  became  misty  and  Nomarski 
indicated  a  surface  characterized  by  triangular  island  growth,  as  shown  in  Figure  3b).  Increasing  the 
V:III  ratio  to  7.0  only  succeeded  in  increasing  the  density  of  these  islands  and  making  the  wafer 
appear  more  misty  to  the  eye. 

Thus  having  chosen  Sb:In  =1.50  as  the  optimum  for  (1 1 1)A  epitaxy,  layer  morphology  as  function 
of  growth  temperature  was  investigated.  Results  were  found  to  be  remarkably  similar  to  those  for 
the  ‘B’  face.  On  reducing  the  temperature  below  Tt,  the  surface  became  misty  and  was  made  up  of 
triangular  pyramid-like  islands,  the  density  of  these  islands  increasing  with  decreasing  substrate 
temperature.  Raising  growth  temperature  above  Tt  caused  a  reduction  in  the  number  of  inclusions 
visible  and  generally  the  surface  morphology  improved  with  increasing  substrate  temperature.  Thus 
the  optimum  growth  conditions  for  InSb(l  1 1)A  were  found  to  be  a  V:III  ratio=1.50  (as  for 
InSb(l()0)  epitaxy),  and  growth  temperatures  >Ti.  SIMS  measurements  again  could  find  no 
variation  in  Si  and  Be  doping  level  with  Sb:In  ratio  or  growth  temperature.  The  chemical  doping 
levels  were  also  similar  to  those  found  on  the  (100)  and  (1 1  l)B  InSb  surfaces. 

c) InAlSb/InGaSb(lll)A 

Having  obtained  optimum  growth  conditions  for  epitaxial  growth  onto  InSb(  1 1 1  )A  surfaces,  the 
knowledge  gained  was  used  to  facilitate  lattice  matched  growth  of  Ini-xAI^Sb  onto 
Ini.yGaySb(l  1 1)A  substrates.  A  sample  was  grown  with  A1  composition  of  x=0.067  to  lattice 
match  with  the  substrate  Ga  composition  of  y=0.06  as  determined  by  double  crystal  X-ray 
diffraction  measurements.  The  layer  was  identical  to  the  p-i-n  diodes  grown  on  InSb  substrates 
described  above,  with  a  2(X)A  p+  barrier  layer  of  Al  composition  x=0.217  above  the  p+  layer.  Mesa 
diodes  ranging  from  l(X)/<m  to  400/<m  square  in  size  were  fabricated  from  both  layers  using 
conventional  lithographic  techniques  and  Cr/Au  contacts  sputtered  onto  their  tops.  The  room 
temperature  (294K)  current  vs.  voltage  characteristics  were  measured  and  compared  with  a 
pseudomorphic  InSb/InAISb  diode  grown  onto  InSb(l(X)).  The  ternary  device  had  a  significantly 
lower  reverse  bias  leakage  current  (Ijat)  and  higher  zero  bias  resistance  (Ro)  than  the  InSb  diode,  he 
room  temperature  results  are  summarized  in  the  following  table: - 


Layer 

liat(/<A) 

Ro(Q) 

InSb/InAISb/InSb(100) 

470 

55 

InAlSb/InGaSb(lll)A 

100 

550 

Although  the  ternary  substrate  diode  had  a  higher  zero  bias  resistance  at  room  temperature,  on 
cooling  to  77K  it  was  found  be  several  orders  of  magnitude  below  that  of  the  InSb  grown  diode  i.e 
it  did  not  increase  as  much  as  the  temperature  was  reduced.  This  indicates  that  the  ternary  grown 
device  had  a  higher  defect  density,  presumably  due  to  the  ternary  InGaSb(  1 1 1  )A  substrate  being  of 
poorer  quality  in  comparison  with  the  InSb((X)l)  substrate. 
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Electroluminescence  from  the  devices  was  measured  at  294K.  The  emission  spectra  for  the  InSb 
and  InGaSb  grown  diodes  are  shown  in  Figure  4).  Under  low  forward  bias  (100mA),  the  InSb 
device  peaked  at  a  wavelength  of  6.2/<m  with  maximum  spectral  output  power  of  4//W;/m->.  Under 
the  same  bias  conditions,  the  ternary  device  displayed  a  peak  positive  emission  at  a  wavelength  of 
4.  l//m,  with  a  spectral  power  of  approximately  1  l//W;/m-i.  The  dip  in  the  output  that  can  be  seen 
in  the  figure  at  a  wavelength  of  4.2//m  is  due  to  absorption  of  atmospheric  CO2  (one  application  of 
these  mid-IR  LEDs  is  for  gas  detection).  Thus  the  peak  emission  was  shifted  to  shorter  wavelengths 
by  an  amount  expected  from  the  increased  energy  gap  of  the  ternary  InAISb  active  region.  The 
negative  going  region  of  the  spectrum  from  the  ternary  diode  is  referred  to  as  negative  luminescence 
and  represents  a  reduction  in  the  emitted  intensity  below  that  of  the  normal  ambient  level.  It  is 
believed  to  be  due  to  the  reverse  bias  applied  between  the  p+  region  of  the  epilayer  and  the  n-type 
substrate  (the  InGaSb  substrates  were  doped  with  Sn  to  harden  the  lattice  and  reduce  microcracks). 
The  InGaSb  has  a  slightly  higher  energy  gap  than  InSb,  which  is  why  the  negative  luminescence 
‘peaks’  at  a  slightly  shorter  wavelength  then  the  InSb  LED. 


Figure  4)  Spectral  emission  from  Ino.933Alo.o67Sb/InGaSb(l  1 1)A  and  InSb/InSb(100) 
diodes  under  100mA  forward  bias  at  294k. 


SUMMARY  AND  CONCLUSIONS 

We  have  optimized  the  MBE  growth  conditions  for  successful  epitaxy  of  InSb  onto  InSb(l  1 1)A 
and  (1 1 1)B  surfaces.  Using  Nomarski  microscopy  and  SIMS,  we  have  shown  that,  in  the  case  of 
(1 1 1)B  epitaxy,  optimum  growth  conditions  are  a  Sb;In  ratio  of~  7.0  and  growth  temperature  >Tt 
(^380*0).  For  (11 1)A  growth  the  optimum  V:III  ratio  is  1.50:1  and  substrate  temperature  must  also 
be  above  Tt  for  good  layer  morphology.  The  information  obtained  on  growth  conditions  was 
applied  to  the  growth  of  InAISb  LEDs  lattice  matched  to  InGaSb(l  1 1)A  substrates. 

Electrical  characterization  at77K  of  the  ternary  LEDs  indicated  a  higher  defect  density  than  a  similar 
InSb  diode.  Room  temperature  electroluminescence  from  the  ternary  diodes  gives  peak  emission  at 
a  shorter  wavelength  than  InSb  diodes,  as  expected  from  the  wider  energy  gap  of  the  InAISb  active 
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layer  of  such  a  device.  This  work  demonstrates  the  feasibility  of  tailoring  the  lattice  constant  of  the 
substrate  to  match  the  desired  epilayer  structure  and  possibly  offers  a  viable  route  to  the  production 
of  mid-IR  lasers  based  on  strained  quantum  well  structures,  operating  at  near  ambient  temperatures. 

Immediate  future  work  will  concentrate  on  investigating  dopant  activation  and  electrical  and  optical 
characteristics  of  InSb(l  1 1)B  and  (U  1)A  diodes  in  comparison  with  similar  InSb(100)  structures. 
The  resulting  information  will  be  applied  to  ternary  diodes  and  quantum  wells  grown  onto  InGaSb 
substrates. 
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ABSTRACT 


We  have  investigated  the  mid-infrared  spontaneous  and  stimulated  emission 
between  confined  subbands  in  the  conduction  band  of  GaAs/AlGaAs  quantum  wells. 
The  carriers  which  give  rise  to  the  intersubband  emission  are  excited  in  the  upper 
subbands  using  an  intersubband  optical  pumping  in  coupled  asymmetric  quantum 
wells.  The  quantum  wells  are  designed  using  phonon  engineering  in  order  to  obtain 
population  inversion  between  the  second  and  first  excited  subband.  This  is  obtained  by 
adjusting  the  subband  energy  spacing  between  E2  and  E^  close  to  the  optical  phonon 
energy  which  in  turn  allows  an  efficient  relaxation.  We  have  first  observed 
intersubband  spontaneous  emission  between  E3  and  E2  at  14  |j.m  using  an 
intersubband  pumping  with  a  CO2  laser  in  resonance  with  the  E1-E3  transition.  In  a 
second  set  of  experiments,  the  quantum  wells  are  embedded  in  an  infrared  waveguide. 
We  have  measured  the  stimulated  intersubband  gain  using  a  picosecond  two-color  free 
electron  laser.  The  first  color  bleaches  the  E1-E3  transition  and  provides  the  population 
inversion.  The  intersubband  stimulated  gain  is  measured  versus  the  waveguide  length 
and  photon  energy.  Stimulated  gains  «  80  cm'l  are  reported  thus  demonstrating  that 
laser  emission  under  optical  pumping  appears  feasible  in  optimized  structures.  Finally, 
we  show  that  intersubband  emission  can  also  be  observed  in  quantum  wells  using  an 
interband  optical  pumping. 


INTRODUCTION 


Since  the  seminal  proposal  of  Karazinov  and  Suris  in  1971  [1],  the  experimental 
evidence  for  intersubband  emission  in  semiconductor  quantum  wells  or  superlattices 
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has  been  difficult  to  obtain.  In  1989,  Helm  and  co-workers  [2]  have  reported  the 
observation  of  intersubband  spontaneous  emission  in  the  far-infrared  region.  The 
superlattices  were  excited  by  sequential  resonant  tunneling.  The  first  observation  of 
spontaneous  emission  in  the  mid-infrared  region  (5-10  pm)  has  only  been  reported  in 
1993  [3].  The  quantum  efficiency  of  the  intersubband  emission  is  given  by  the  balance 
between  the  non-radiative  relaxation  time  Xjyj.  and  the  radiative  relaxation  time  x^.  The 

radiative  relaxation  time  exhibits  a  dependence  for  intersubband  transition.  One 
expects  that  the  efficiency  will  be  larger  at  shorter  wavelengths.  On  the  other  hand,  the 
non-radiative  relaxation  rate  becomes  very  large  above  the  optical  phonon  energy  (36 
meV  in  GaAs)  due  to  the  efficient  interactions  of  electrons  with  longitudinal  optical 
(LO)  phonons.  The  intersubband  relaxation  times  are  typically  in  the  ps  range  for 
energies  larger  than  the  LO-phonon  energies.  The  quantum  efficiency  of  spontaneous 
emission  is  therefore  very  low,  of  the  order  of  1(H  - 10^,  in  the  mid-infrared  spectral 
region.  In  the  far-infrared  spectral  range,  the  non-radiative  relaxation  is  dominated  by 
interactions  with  acoustic  phonons  which  occur  typically  on  a  100  ps  time  scale. 
Nonetheless  the  intersubband  radiative  lifetime  is  larger  and  the  quantum  efficiency 
for  spontaneous  emission  remains  weak.  The  realization  of  efficient  spontaneous  light 
emitting  devices  with  intersubband  transitions  is  therefore  not  achievable.  However,  a 
careful  engineering  of  the  quantum  wells  can  provide  population  inversion  between 
the  subbands  along  with  large  optical  gains.  In  quantum  wells,  the  relaxation  is 
governed  by  interactions  between  carriers  with  slab  and  interface  phonon  modes  [4]. 
Basically,  the  relaxation  rate  between  two  subbands  exhibits  a  1/q//^  dependence 
where  q^^  is  the  phonon  momentum  transfer  during  the  relaxation.  When  the  subband 
energy  spacing  is  close  to  the  optical  phonon  energy,  the  relaxation  time  between  two 
subbands  is  very  short,  typically  0.5  -  0.7  ps.  When  the  subband  energy  is  much  larger 
than  the  optical  phonon  energy,  the  relaxation  rate  will  involve  emission  of  phonons 
with  large  in-plane  momentum  and  the  intersubband  lifetimes  are  typically  of  the 
order  1  -  1.5  ps.  A  careful  engineering  of  the  subbands  spacing  in  the  quantum  wells 
can  therefore  lead  to  population  inversion.  Intersubband  lasing  at  4.5  pm  under 
electrical  injection  has  been  first  reported  in  1994  [5].  Quantum  cascade  lasers  appear 
now  as  challenging  competitors  to  low  band-gap  materials  in  the  mid-infrared  spectral 
region.  Due  to  their  inherent  conception,  the  intersubband  lasers  are  unipolar 
components  which  exhibit  high  Tq  characteristic  temperatures.  The  high  To  value  can 
in  particular  be  explained  by  the  origin  of  the  emission  which  occurs  between  nearly 
parallel  subbands,  the  lack  of  Auger  recombinations,  and  the  weak  dependence  of  the 
non-radiative  relaxation  times  with  temperature.  Quantum  cascade  lasers  can  be 
operated  either  continuous  wave  up  to  140  K  [6]  or  in  pulsed  mode  at  room 
temperature  in  the  4-8  pm  spectral  range  [7]. 

An  alternate  approach  to  observe  intersubband  emission  has  been  recently 
proposed.  It  relies  on  the  optical  pumping  of  the  electrons  with  intersubband 
transitions  [8].  The  design  of  samples  for  optical  pumping  is  much  more  easier  than 
the  conception  of  samples  operated  under  electrical  injection  since  it  does  not  require 
superlattice  injectors  in  the  active  region.  Two  types  of  optical  pumping  can  be 
considered  :  intersubband  or  interband  pumping.  In  the  case  of  intersubband 
pumping,  a  CO2  laser  operated  around  10.6  pm  is  a  practical  source  to  excite 
intersubband  transitions.  The  intersubband  emission  will  therefore  occur  at  longer 
wavelengths,  typically  12.5  -  15  pm.  One  can  notice  that  under  optical  pumping, 
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intersubband  lasing  can  be  expected  in  a  three-bound  states  system  as  long  as  XoQ.  >  '’^21* 
In  the  case  of  interband  pumping,  carriers  are  optically  generated  from  the  valence 
band  to  the  conduction  band.  The  intersubband  emission  wavelength  is  not  limited  by 
the  pump  energy  but  rather  by  the  composition  and  thickness  of  the  quantum  wells. 
The  efficiency  of  interband  pumping  is  not  as  large  as  intersubband  pumping  since  one 
cannot  excite  HH3-E3  without  exciting  HH2-E2.  However,  it  is  possible  to  show  that 


population  inversion  can  also  be  achieved  as  long  as  the  condition  > 


^21 


^3(1-^) 

^32 


IS 


fulfilled  [9],  where  Fpi  is  the  generation  rate  from  the  valence  band  to  the  i^^ 
conduction  subband  under  optical  pumping.  Interband  pumping  exhibits  a  greater 
potential  in  terms  of  applications  since  monolithic  integration  of  an  interband  laser 
diode  and  an  intersubband  emitter  can  be  easily  envisaged. 


RESULTS 

Spontaneous  emission  under  intersubband  optical  pumping 

The  conduction  band  diagram  of  coupled  asymmetric  quantum  wells  which  are 
designed  for  intersubband  pumping  is  shown  in  figure  1.  Three  subbands  are  bound  in 
the  conduction  band.  An  intersubband  pumping  excites  carriers  from  the  ground 
subband  to  the  second  excited  subband  where  they  can  recombine  radiatively  to  the 
first  excited  subband.  The  design  of  the  quantum  wells  requires  the  three  following 
conditions  to  be  fulfilled  :  asymmetric  structures  to  allow  both  intersubband 
transitions  between  E1-E3  and  E2-E3 ;  a  subband  energy  spacing  between  E1-E2  close  to 
the  optical  phonon  energy  and  a  trade-off  between  the  E1-E3  and  the  E2-E3  oscillator 
strength  to  enhance  both  absorption  and  emission. 
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Figure  1 :  principle  of  intersubband  emission  (3-2)  under  intersubband  optical 
pumping  (1-3)  in  the  conduction  band  of  GaAs  quantum  wells. 


113 


A  sample  satisfying  to  these  prerequisites  has  been  grown  by  molecular  beam 
epitaxy  [8](sample  A):  it  consists  of  100  asymmetric  quantum  wells  separated  by  20  nm 
-^^.22^^0.78^®  barriers.  The  quantum  well  consists  of  two  GaAs  wells  of  7.5  nm  and  5 
nm  respective  thickness  separated  by  1.7  nm  AIq  22Gao.78As  barriers.  The  doping  in  the 
quantum  wells  is  IxlO^  cm-2.  At  room  temperature,  the  quantum  well  exhibits  two 
intersubband  absorption  lines  at  124  meV  (E1-E3)  and  84.2  meV  (E2-E3)  with  similar 
amplitudes.  The  energy  spacing  E1-E2  (39.8  meV)  is  close  to  the  optical  phonon  energy 
(36  meV).  The  dipole  moment  Z31  and  Z32  are  respectively  found  equal  to  1.3  nm  and 
2.5  nm  [8]. 

The  intersubband  spontaneous  emission  spectrum  of  sample  A  is  reported  on  figure 
2.  The  experiments  have  been  carried  out  at  liquid  helium  temperature,  the 
spontaneous  emission  being  collected  by  an  He-liquid  cooled  bolometer.  The 
intersubband  pumping  is  provided  by  a  CO2  laser  in  resonance  with  the  E1-E3 
transition  (9.8  pm).  The  emission  spectrum  is  resonant  with  a  maximum  at  88  meV  and 
a  full  width  at  half  maximum  of  4  meV.  We  have  reported  on  the  same  sp>ectrum  the 
room-temperature  intersubband  absorption  spectrum  associated  with  the  E2-E3 
transition.  The  emission  spectrum  is  shifted  by  «  4  meV  to  high  energy  as  compart  to 
the  absorption  spectrum,  this  blue-shift  being  characteristic  of  intersubband 
transitions. 


Figure  2 :  Low-temperature  intersubband  emission  spectrum  (sample  A,  squares) 
under  intersubband  optical  pumping  compared  with  room  temperature  intersubband 

absorption. 

Figure  3  shows  the  dependence  of  the  intersubband  emission  at  14  jim  on  the 
pumping  energy.  This  excitation  spectrum  is  compared  to  the  77  K  E1-E3  intersubband 
absorption  spectrum.  The  14  pm  intersubband  emission  is  directly  proportional  to  the 
incident  pump  power  absorbed  in  the  quantum  wells  and  therefore  follows  the  E1-E3 
intersubband  absorption  since  all  the  pump  is  not  absorbed  in  the  sample.  The 
efficiency  of  spontaneous  emission  is  estimate  around  60  nW  for  1  W  incident  pump 
power.  These  first  experiments  clearly  demonstrate  that  intersubband  spontaneous 
emission  can  be  observed  under  intersubband  optical  pumping. 
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Figure  3  ;  Excitation  spectrum  of  the  14  pm  spontaneous  emission  (triangles)  compared 
to  the  E1-E3  intersubband  absorption  (full  line). 

Spontaneous  emission  under  interband  optical  pumping 

We  now  turn  to  the  interband  optical  pumping  case.  Two  situations  can  be 
considered  :  in  the  first  case,  the  carriers  are  resonantly  pumped  from  the  valence 
subband  to  the  excited  levels  in  the  conduction  band  and  can  recombine  afterwards 
radiatively  through  intersubband  emission.  This  mechanism  is  illustrated  on  figure 
4.  In  the  second  case,  the  carriers  are  generated  on  the  ground  subband  and 
subsequently  thermally  excited  on  the  upper  levels.  Although  population  inversion 
can  not  be  obtained  in  the  second  case,  it  provides  an  infrared  emission 
spectroscopy  of  the  intersubband  transitions  in  the  mid-infrared  spectral  range.  We 
will  first  describe  the  emission  measurements  performed  at  room  temperature.  For 
these  experiments,  the  sample  is  set  on  the  emission  port  of  a  Fourier  transform 
infrared  spectrometer  which  is  operated  in  step-scan  mode  with  a  lock-in  amplifier. 
The  interband  optical  pumping  is  mechanically  chopped  at  3  kHz. 

When  the  carriers  are  injected  on  the  ground  subband  by  an  interband 
pumping,  part  of  the  carriers  are  thermally  excited  on  the  upper  levels  where  they 
can  recombine  radiatively.  This  emission  can  be  analyzed  as  the  blackbody  emission 
of  a  two-dimensional  electron  gas  [10].  This  is  illustrated  on  figure  5  which  reports 
the  infrared  emission  in  asymmetric  quantum  wells.  The  investigated  structure 
consists  of  100  coupled  quantum  wells  separated  by  150  A  Alo.3Gao.7As  barriers 
grown  on  GaAs  by  molecular  beam  epitaxy  (sample  C).  The  coupled  quantum  well 
active  region  is  formed  by  two  GaAs  quantum  wells  with  respective  thickness  of  62 
and  52  A  separated  by  8.5  A  Alo.3Gao.7As  intermediate  barrier.  The  structure  is 
nominally  undoped.  The  excitation  is  provided  by  a  Ti:sapphire  laser  at  1.62  eV,  an 
energy  lower  than  the  HH3-E3  transition,  i.e  electrons  are  excited  in  the  E^  and  E2 
subbands  but  not  on  the  E3  subband. 
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Figure  4 :  Principle  of  interband  optical  pumping  for  intersubband  emission. 


Figure  5 :  Room  temperature  intersubband  emission  of  sample  C  under  interband 

optical  pumping. 

The  full  and  dotted  curves  are  the  emission  spectra  for  a  polarization 
respectively  perpendicular  and  parallel  to  the  layer  plane  of  the  quantum  wells.  We 
observe  an  emission  peak  which  is  strongly  p-polarized  and  attributed  to  the 
radiative  intersubband  spontaneous  emission  between  E3  and  £2-  The  energy 
position  and  FWHM  of  the  emission  are  similar  to  those  measured  for  the  E2-E3 
intersubband  absorption.  The  intersubband  spontaneous  emission  scales  with  the 
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number  of  injected  carriers.  The  collected  intersubband  optical  power  is  estimated 
around  «  22  nW  for  400  mW  pump  power.  The  collected  power  Pjsb  is  given  by : 


^isb  ~  ^ib^ib 


^^isb 


^^ib  '^rad  (1) 

where  a^b  and  Pjb  are  the  interband  absorption  efficiency  (%)  and  the  interband 
optical  power,  hVis^  and  hVib  the  intersubband  and  interband  energy  respectively, 
Tib  '^rad  interband  relaxation  times  and  the  intersubband  relaxation  time  and 
Ticoii  the  collection  efficiency  of  the  subband  luminescence  which  is  coupled  out  of 
the  sample  [11].  From  the  magnitude  of  the  photo-induced  intersubband  absorption, 
we  have  deduced  Tib  ~  ^5  ns.  Assuming  Tivoli  ~  2 10"^,  ttib  «  0.81  and  Tf^d  ~  76  ns,  we 
effectively  expect  an  intersubband  power  at  115  meV  of  about  57  nW  for  1  W 
interband  pump  power  at  1.62  eV. 


Figure  6 :  Room  temperature  infrared  absorption  and  emission  of  sample  C  under 
interband  optical  pumping. 

Figure  6  shows  a  comparison  between  the  photo-induced  infrared  absorption 
spectrum  of  sample  C  and  the  intersubband  emission  spectrum  obtained  under 
interband  optical  pumping.  As  seen,  the  energy  position  and  broadening  of  the  two 
spectra  are  similar.  This  similitude  is  the  consequence  of  the  design  of  the  quantum 
wells  where  intersubband  transitions  are  vertical  in  the  real  space,  i.e  interface 
roughness  is  minimized.  It  demonstrates  that  this  new  photoluminescence  technique  is 
a  sound  spectroscopic  tool  to  study  intersubband  transitions  in  the  mid-infrared 
spectral  range. 

The  experimental  evidence  of  intersubband  spontaneous  emission  under  resonant 
interband  optical  excitation  is  however  a  key  issue  for  the  realization  of  optically 
pumped  intersubband  lasers.  Unlike  thermal  population,  only  resonant  pumping 
allows  to  keep  the  population  inversion  betwen  subbands  which  could  in  turn  lead  to 
lasing  action.  We  have  therefore  investigated  the  intersubband  spontaneous  emission 
under  resonant  optical  pumping.  These  measurements  are  however  not  a 
straightforward  task  since  the  emitted  power  is  expected  to  be  much  lower  (factor  of 
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100)  than  the  room  temperature  intersubband  emission.  This  lower  efficiency  can  be 
explained  by  the  short  non-radiative  lifetime  as  compared  to  the  interband  lifetime. 
Moreover,  the  measurement  of  weak  emission  signals  is  difficult  due  to  the  coupling 
of  the  blackbody  generated  by  the  spectrometer  which  is  modulated  by  the  interband 
pumping.  The  emission  signals  are  therefore  superimposed  on  an  absorption  signal.  In 
order  to  discriminate  the  emission,  we  have  performed  the  following  experiments  :  at 
low  temperature  («  20  K),  sample  C  is  pumped  with  an  interband  source  set  below  the 
E3-HH3  transition.  In  a  second  set  of  experiments,  the  quantum  wells  are  pumped 
above  E3-LH3  transition.  The  ratio  of  the  two  spectra  is  presented  on  figure  7.  As  seen, 
we  clearly  observe  the  E3-E2  intersubband  emission  at  an  energy  (120  meV)  in 
agreement  with  the  energy  measured  by  absorption  spectroscopy  [12].  One  can  notice 
that  the  spontaneous  collected  power  is  weak  («  0.2  nW  for  0.5  W  interband  pump 
power). 


Energy  (meV) 

Figure  7 : 20  K  emission  spectrum  of  sample  C  under  optical  pumping  at  660  nm 
normalized  by  the  emission  spectrum  under  optical  pumping  at  760  nm.  The  curve  has 

been  smoothened. 

Stimulated  emission  under  intersubband  optical  pumping 

In  order  to  check  if  population  inversion  can  be  effectively  obtained  under  optical 
pumping  in  3-Ievel  asymmetric  quantum  wells,  we  have  investigated  the  stimulated 
emission  in  a  structure  similar  to  sample  A.  For  this  purpose,  the  active  region  was 
buried  in  an  infrared  waveguide  [13]  (sample  B).  The  index  profile  of  the  waveguide 
and  the  fundamental  TM  optical  propagating  mode  are  reported  on  figure  8.  The 
structure  is  grown  on  a  GaAs  doped  substrate  and  consists  of  a  5  pm  Alo.9GaQ  jAs 
cladding  layer  and  a  5.4  pm  GaAs  layer  for  the  core  of  the  waveguide.  30  asymmetric 
quantum  wells  separated  by  21  nm  AIq ^Gag.yAs  barriers  are  grown  in  the  central 
region  of  the  waveguide.  The  asymmetric  quantum  wells  consist  of  two  GaAs  wells 
respectively  7.7  nm  and  4.7  nm  thick  separated  by  a  1.1  nm  thick  AIq  3Gao.7As 
intermediate  barrier.  The  quantum  wells  are  nominally  doped  with  a  3x10^^  carrier 
density.  The  room-temperature  infrared  absorption  spectrum  exhibits  two  resonances 
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at  133  meV  and  93  meV  which  are  respectively  attributed  to  the  E1-E3  and  E2-E3 
intersubband  absorptions.  The  confinement  factor  of  the  TM  fundamental  mode  with 
the  quantum  wells  is  estimated  around  7.5  %.  However,  we  have  observed  an 
unexpected  roughness  of  the  GaAs  layer  after  the  growth  of  the  quantum  wells.  The 
confinement  factor  is  therefore  most  probably  overestimated.  The  intersubband  non- 
radiative  relaxation  times  have  been  foimd  equal  to  %2l  -  ps,  T31  =  1.2  ps,  X32  =  1.5 
ps.  Population  inversion  is  therefore  achievable  in  this  system  since  T32  >  X21. 
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Figure  8  :  Infrared  waveguide  and  optical  TM  mode  profile 

In  order  to  probe  the  intersubband  stimulated  gain,  we  have  used  a  picosecond 
infrared  two-color  free-electron  laser  (CLIO).  This  laser  can  emit  simultaneously  at  two 
wavelengths  which  can  be  independently  tuned  [14].  The  laser  delivers  macropulses  of 
about  10  ps  which  contains  picosecond  micropulses.  Typical  peak  power  of  10  MW  can 
be  obtained  on  the  picosecond  pulses.  The  experimental  set-up  is  depicted  on  figure  9. 


77  K 

Figure  9  :  Experimental  set-up  involving  the  two-color  free-electron  laser. 
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The  experiment  is  performed  at  liquid  nitrogen  temperature  in  order  to  eliminate 
the  thermal  population  of  the  first  excited  subband.  The  first  color  of  the  laser  bleaches 
the  Ej-Es  transition  while  the  second  color  probes  the  transmission  around  the  E2-E3 
intersubband  transition.  The  two  colors  of  the  laser  are  delayed  using  a  standard 
Michelson  set-up.  The  intensity  of  the  pump  is  larger  than  the  saturation  intensity  thus 
implying  that  population  inversion  is  achieved  over  the  waveguide  length.  The  probe 
transmission  at  12.5  ^.m  versus  the  time  delay  between  pump  and  probe  is  presented 
on  figure  10. 


Figure  10  :  Probe  transmission  at  12.5  ^un  versus  time  delay  between  pump  (9.2  pm) 
and  probe.  The  waveguide  length  is  0.7  mm. 

As  seen,  the  transmission  is  constant  when  the  pump  and  probe  are  not 
synchronized.  However,  the  transmission  increases  when  both  pump  and  probe 
beams  are  synchroneously  incident  on  the  sample.  This  transmission  increase 
demonstrates  that  intersubband  stimulated  emission  is  observed  under  intersubband 
optical  pumping.  For  a  0.7  mm  waveguide  length,  the  amplification  is  found  equal  to 
1.5.  This  amplification  increases  up  to  3.5  in  a  2  mm  long  waveguide.  These  values  are 
found  in  agreement  with  the  intersubband  oscillator  strengths  which  are  deduced 
from  the  absorption  measurements  [15].  The  3.5  amplification  gain  measured  in  the  2 
mm  long  waveguide  corresponds  to  a  6  cm'^  amplification  in  the  structure.  If  one 
accounts  for  a  7.5  %  confinement  factor  of  the  infrared  mode  with  the  quantum  wells, 
the  stimulated  gain  in  the  quantum  wells  is  found  around  80  cm-^. 

The  energy  dependence  of  the  stimulated  gain  is  presented  on  figure  11.  The 
measurement  has  been  performed  in  the  2  mm  long  waveguide  with  the  pump  beam 
set  at  9.2  pm.  The  stimulated  gain  exhibits  a  resonance  at  99  meV  which  is  close  to  the 
E2-E3  intersubband  energy.  The  FWHM  of  the  stimulated  gain  is  also  consistent  with 
the  broadening  of  the  intersubband  absorption.  The  results  reported  in  figure  11 
clearly  demonstrate  the  resonant  enhancement  of  the  stimulated  gain  which  is 
attributed  to  the  intersubband  resonance. 
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Figure  11 :  Energy  dependence  of  the  stimulated  gain  measured  in  the  2  mm  long 
waveguide.  The  pump  is  set  at  9.2  ^im.  The  full  line  is  a  guide  to  the  eye. 

We  have  therefore  demonstrated  that  intersubband  stimulated  gain  can  be  observed 
under  intersubband  optical  pumping.  The  question  is  to  know  if  intersubband  lasing  is 
possible  under  intersubband  optical  pumping.  The  conditions  required  for  lasing  is 
given  by  Tg  -  ttpj  +  ln(R)/L  =  0,  where  T  is  the  confinement  factor,  g  the  stimulated 
gain,  Opj.  is  the  propagation  loss  coefficient,  L  is  the  waveguide  length  and  R  -  0.27  is 
the  reflection  coefficient  at  the  waveguide  cleaved  facets.  If  one  accounts  for 
propagation  losses  ==  5  cm'i  which  include  the  losses  in  the  doped  substrate  as  well  as 
the  losses  due  to  free  carrier  absorption,  we  see  that  lasing  could  be  observed  in  a 
structure  similar  to  the  one  we  have  used.  Besides,  optical  gains  as  large  as  500  cm*^ 
have  been  predicted  in  asymmetric  quantum  wells  with  optimized  intersubband 
oscillator  strengths  and  for  reasonable  pumping  intensities  [16].  Intersubband  lasing 
under  intersubband  optical  pumping  should  therefore  be  achievable  with  an 
appropriate  pump  source. 

In  the  case  of  interband  pumping,  we  have  reported  intersubband  spontaneous 
emission.  One  can  notice  that  the  intersubband  transition  energy  is  not  limited  by  the 
pumping  energy  :  intersubband  emission  can  therefore  be  investigated  at  shorter 
wavelengths  (4-5  |im)  where  the  quantum  efficiency  is  larger.  Besides,  the  waveguide 
losses  vanish  at  these  wavelengths  since  free  carrier  absorption  remains  weak.  For 
these  reasons,  intersubband  lasing  under  interband  optical  pumping  appears  also 
possible. 
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ABSTRACT 

We  theoretically  study  the  absorption  in  grating  coupled  quantum  wells  in  a  cavity.  We 
describe  the  coupling  betwen  the  three  oscillators  present  in  ^e  structure:  The  intersubband 
transition,  the  grating  and  cavity  modes.  We  show  that  optical  mode  anticrossings  should  be 
observed  The  splitting  between  the  cavity  mode  and  the  intersubband  transition  is  calculated 
but  its  experimental  observation  would  requite  electronic  coherence  times  longer  than  what  was 
measured. 


INTRODUCTION 

During  the  last  ten  years,  two  important  fields  in  the  physics  of  semiconductor 
heterostructures  have  experienced  spectacular  developments  in  large  part  owing  to  the 
improvement  of  crystalline  growth  medods  such  as  molecular  beam  epitaxy. 

The  first  field  deals  with  intersubband  transitions  (ISBT)  in  quantum  wellsU.  Many 
infrared  devices  have  been  proposed  and  fabricated  for  modulations.^  detection^  and 
emission^.  In  n-doped  structures  and  in  large  bandgap  materials,  the  polarization  selection  rule 
prevents  any  coupling  between  the  light  and  the  wells  at  normal  incidence  (only  the  electric 
field  Ez  perpendicular  to  the  well  is  coupled  with  it,  z  being  the  growth  axis).  The  coupling  can 
be  obtained  by  increasing  the  incidence  angle  thereby  creating  a  z  electric  field  component. 
However,  due  to  the  refraction,  the  coupling  remains  weak.  A  grating  can  also  be  used  which 
diffracts  photons  along  directions  where  the  Ez  may  be  important.  The  grating  coupling  has 
been  introduced  first  for  detectors^.?  and  then  extended  to  the  case  of  modulators*. 

The  second  rapidly  growing  field  is  related  to  microcavity  effects^.  The  recent 
developments  of  deposition  techniques  have  allowed  the  fabrication  and  the  accurate  control  of 
raicrocavities,  and  many  resonant  cavity  enhanced  devices  have  been  realized.  A  good  review 
of  these  devices  was  published  recently  lo.  As  far  as  light  emission  is  concerned,  microcavities 
in  VCSEL’s  have  allowed  to  drastically  reduce  semiconductor  laser  thresholds  and  the  spectral 
width  of  LED’s9.  Cavity  finesses  as  high  as  5000  have  been  obtained  thanks  to  the  high  quality 
of  the  MBE  growth^.  These  microcavities  are  planar  and  use  materials  which  are  optically 
active  at  normal  incidence.  They  will  be  called  regular  microcaviti^  hereafter. 

At  the  mergence  of  these  two  fields,  the  possibility  of  obtaining  microcavity  effect  with 
intersubband  transitions  was  remained  unexploited  up  to  now  because  of  the  polarization 
selection  rule.  Recently  12,  it  has  been  proposed  to  introduce  a  grating  inside  the  cavity  in  order 
to  get  both  the  cavity  field  enhancement  and  the  grating  coupling.  From  the  point  of  view  of  the 
photons  oscillating  in  the  cavity,  the  grating  and  well  regions  may  thus  be  simply  considered  as 
a  lossy  region  and  are  equivalent  to  the  active  region  in  a  regular  microcavity  device.  The 
electromagnetic  field  in  a  cavity  and  the  electronic  transition  (band-to-band  in  general, 
intersubband  transition  here)  can  be  viewed  as  two  oscillators  that  are  broadened  by  the  finite 
photon  lifetime  in  the  cavity  and  the  coherence  time  T2  respectively.  In  a  regular  cavity,  the 
coupling  between  these  oscillators  has  led  to  the  observation  of  the  absorption  enhanceinentio, 
modifications  of  the  spontaneous  emission^  or  even  Rabi  splittingsi*.  In  grated  cavities,  the 
enhancement  of  the  absorption  or  emission  has  been  calculated  12.  We  discuss  here  more 
specific  features  that  may  arise  from  the  coupling  between  oscillators:  £mticrossings  ^d 
intersubband  Rabi  oscillations.  In  this  regards,  we  recall  here  that  the  analysis  of  the  coupling 
from  the  transmission  or  the  reflection  may  be  ambiguous9  so  that  we  study  the  coupling  from 
the  absorption.  All  calculations  are  performed  at  normal  incidence. 
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WEAK  COUPLING  REGIME 


In  the  calculations  presented  in  this  paper,  the  active  region  is  made  of  40  GaAs/AlGaAs 
quantum  wells.  The  4  nm  GaAs  well  is  doped  to  lOio  cm  *2.  The  40%  A1  rich  barrier  is  35  nm 
thick.  The  transition  wavelength  is  5.5  pm  and  the  Full  Width  at  Half  Maximum  is  10  meV 
unless  otherwise  stated.  This  active  region  is  in  between  two  doped  (10  n  cm-3 )  GaAs  regions 
as  in  a  regular  detector  based  on  ISBT.  A  transparent  phase  grating  is  defined  in  the  top  GaAs 

layer.  These  layers  define  a  3  A/2  active  region  and  are  placed  in  between  two  Bragg  mirrors. 
The  optical  indices  for  top  mirror  are  ni  =  1.4  and  n:  =  2.43  (as  for  CaF2  and  ZnSe 
respectively).  In  this  part,  the  top  mirror  is  CaF/ZnSc/CaF2  while  the  bottom  one  is  made  of  5 
Ga^AlAs  periods.  These  parameters  were  chosen  as  they  describe  a  cavity  that  can 
realistically  be  febricated.  The  number  of  periods  is  small  and  the  overall  layer  thickness 
remains  compatible  with  growth  techniques.  The  reflection  coefficient  of  both  minors  is  0.5. 
We  calculated  the  field  in  this  planar  cavity  and  found  an  enhancement  of  the  electromagnetic 
energy  density  (Q  factor)  close  to  22,  in  agreement  with  the  width  of  the  transmission 
Sf^rum.  The  finesse  is  equal  to  4.45.  We  first  calculated  the  absorption  a  in  the  active  region 
with  the  grating  but  without  the  cavity  and  found  1  %.  Then  we  calculated  the  absorption  in  the 
complete  structure.  Fig.  1  shows  that  the  absorption  increases  with  the  bottom  mirro 
rcflwtivity  and  exceeds  45%  for  R=0.5  (5  AlAs/GaAs  periods).  At  this  point,  it  is  important  to 
clarify  the  double  role  played  by  the  low  index  layers  of  the  mirror.  TTiey  first  constitute  the 
mirror  that  partially  reflects  the  non  diffracted  order  and  gives  the  cavity  mode.  Second, 
because  of  their  low  optical  index,  they  totally  reflect  the  diffracted  oixlers  propagating  in  the 
active  layer.  The  modes  propagating  in  the  latter  non  planar  optical  guide  defined  on  one  side 
by  the  bottom  mirror  and  on  the  other  side  by  the  grating  will  be  called  grating  modes.  In 
Fig.  1,  part  of  the  absoiption  enhancement  is  due  to  the  guiding  effect  that  increases  with  the 
low  index  layer  total  thickness.  We  calculated  that  this  guiding  effect  can  lead  to  an  absorption 
as  large  as  20%.  We  observe  that  the  absorption  is  peaked  at  the  electronic  transition 
wavelength  independent  of  the  mirror  reflectivity.  We  recall  here  that  three  oscillators  are 
present  in  this  structure:  tte  cavity  field,  the  grating  resonance  and  the  electronic  transition.  The 
grating  parameters  (see  Fig.  1)  and  the  cavity  length  were  chosen  in  order  to  give  resonances  at 
the  same  wavelength  as  the  ISBT.  However,  we  do  not  observe  any  special  feature  due  to  the 
coupling  between  oscillators:  We  are  thus  in  a  weak  coupling  regime.  It  means  that  the 

coupling  energy  hQ  is  small  compared  with  the  width  of  individual  transitons  YJli  or  hv/Q  for 
the  ISBT  and  the  cavity  respectively. 


WAVELENGTH  (fim) 

Figure  1:  Calculated  abso^tion  in  a  40  quantum  well  structure  in  a  grated  cavity  at  normal 
incidence.  The  top  mirror  indices  are  ni/n2/ni  with  ni=1.4  and  n 2=2.43.  The  bottom  mirror 
indices  are  n3=2.75  and  n4=3.27.  The  number  of  pairs  in  the  bottom  mirror  varies  from  1  to  5. 
The  grating  parameters  are  (d,  c/d,  h)=(1.8  pm,  0.5,  0.45  pm).  The  FWHM  of  the 
intersubband  transition  is  10  meV.  The  doping  density  is  equal  to  10*0  cm-2. 
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This  can  be  translated  in  terms  of  mirror  reflectivity  R  and  total  absorption  in  the  structure  ai^: 
a  <7C /finesse  =  (1-R)/Vr.  The  latter  relation  is  verified  with  an  absorption  with  guiding 
effects  of  20%  and  R=0.5. 


STRONG  COUPLING  REGIME 

We  now  use  a  symmetric  cavity  with  both  top  and  bottom  mirrors  made  of  3  CaF2/ZnSe 
periods.  The  reflectivity  is  close  to  90%.  The  finesse  is  now  close  to  30.  The  cavity  length  L  is 
around  mhJl  with  m  =  3.  The  Q  factor  reaches  130  indicating  a  penetration  of  the  light  in  the 

mirrors  equal  to  mo  A,/2  with  mo  =  1.3  (Q=  (m+mo)  x  finesse).  We  first  calculated  the 
absorption  without  any  cavity.  We  took  the  guiding  effect  into  account  by  placing  the  active 
region  in  between  two  CaF2  Aick  layers.  For  the  following  grating  parameters:  (d=1.865  |im, 
c/d=0.5,  h=0.1  M-m),  the  absorption  without  cavity  was  found  to  be  around  35%,  weakly 
dependent  on  the  cavity  length.  We  also  noted  that  the  peak  wavelength  of  the  grating  mode 
increases  from  5.46  ^im  for  L=2.57  p.m  to  5.49  p.m  for  L=2.75  [im.  Then,  we  calculated  the 
transmission  spectrum  of  the  cavity  without  any  grating,  replacing  it  by  a  layer  of  the  same 
thickness  and  with  an  optical  index  equal  to  an  average  of  the  grating  optical  indices.  As 
expected,  we  found  that  the  transmission  peak  was  increasing  from  5.35  |a.m  for  L=2.57  |im 
up  to  5.64  |im  for  L=2.75  |im,  in  agreement  with  the  cavity  order  (4.3)  and  the  cavity  average 
optical  indices.  Finally,  we  calculated  the  absorption  spectrum  in  the  whole  structure  as  a 
function  of  the  cavity  length.  The  result  is  presented  in  Fig.  2.  We  observe  the  grating  and 
cavity  modes  as  they  were  described  above.  The  interesting  phenomenon  occurs  when  these 
two  modes  are  resonant  for  the  same  wavelength:  We  observe  a  clear  anticrossing,  with  a 

splitting  between  modes.  We  now  have  (1-R)/Vr=0.1  <  a=  0.35  which  states  that  we  are  in 
the  strong  coupling  regime.  It  is  important  to  note  that  the  electronic  transition  remains 
spectrally  broad  and  we  do  not  observe  here  the  splitting  between  the  ISBT  and  an  optical 
mode  but  the  splitting  between  two  optical  modes. 


Figure  2:  Calculated  absorption  spectrum  in  a  grated  cavity  as  a  function  of  cavity  length.  Top 
and  bottom  mirrors  are  made  of  3  ni/n2  periods  with  ni=1.4  and  n2=2.43.  The  grating 
parameters  are  (d,  c/d,  h)=(1.865  p,m,  0.5, 0.1  ttm).  Other  parameters  are  as  in  Figure  1. 
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INTERMEDIATE  COUPUNG  REGIME 


The  coupling  between  the  cavity  and  the  active  region  can  be  tuned  in  different  ways.  The 
relation  describing  the  strong  coupling  regime  (a  >  n/finesse )  can  be  obtained  by  increasing 
either  the  absorption  or  the  cavity  finesse.  For  brevity,  we  choose  here  to  increase  the 
absorption  with  the  grating  diffraction  efficiency. 

We  calculated  the  absorption  in  the  active  region  (grating  and  quantum  wells)  placed 
between  two  CaF2  layers.  Hence,  there  is  no  cavity  but  guiding  effects  arc  taken  into  account 
We  performed  this  calculation  for  the  same  grating  period  and  profile  as  above  but  the  height  is 
varied  from  0  to  0.4  )im.  We  found  that  the  absorption  increases  roughly  linearly  from  0  for  h= 
0  to  50%  for  h=0.15  |im.  It  equals  35%  for  h=  0.1  ^m  as  already  mentioned,  and  13%  for 
h=0.05  fim.  For  h>0.15  ^m  it  saturates  and  finally  decreases  for  h>0.3  Jim.  Then,  we 
calculate  the  absoption  in  the  whole  structure,  with  the  same  mirror  as  above  ^=0.90)  with  a 
grating  height  that  varies  from  zero  to  0.2  \un.  The  result  is  presented  in  Fig.  3.  For  a  weak 
diffraction  efficiency,  we  observe  a  single  peak.  As  the  coupling  increases,  this  peak  is  split  in 
two  peaks  and  the  splitting  varies  almost  linearly  with  the  grating  height  and  thus  with  the 
coupling.  The  splitting  becomes  visible  for  h  around  0.05  pm.  We  thus  verify  that  we  go  from 

the  weak  coupling  to  the  sm)ng  coupling  regime  for  (1-R)/Vr  =  0.1  -  a  =  0.13. 

Let  us  recall  here  that  the  ISBT  remains  broad  compared  to  the  optical  resonances  studied 
here  and  the  observed  splittings  are  between  optical  modes.  Experimentally,  it  should  be 
possible  to  observe  these  features  as  the  structures  and  the  parameters  used  for  the  simulation 
are  very  realistic. 


Figure  3:  Calculated  absorption  spectrum  in  a  grated  cavity  as  a  function  of  grating  height  The 
mirrors  arc  the  same  as  in  Fig.  2.  The  grating  parameters  are  (d,  c/d)  =  (1.865  pm,  0.5).  The 
cavity  length  equals  2.65  pm.  Other  parameters  are  as  in  Figure  1. 


RABI  SPLITTING 

Let  us  now  push  the  parameters  to  make  splittings  between  optical  modes  and  the  ISBT 
observable.  It  is  necessary  that  the  FWHM  of  the  electronic  transition  be  equal  to  or  smaller 
than  that  of  optical  modes  and  smaller  than  the  coupling  energy.  Choosing  a  geometry  where 
we  observe  a  splitting  between  optical  modes,  the  latter  condition  will  be  satisn^  if  the  former 
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one  is.  We  thus  have  to  satisfy  the  condition  that  the  electronic  FWHM  is  smaller  than  the 
cavity  mode  width.  A  mirror  reflectivity  of  0.9  gives  a  finesse  of  30  and  a  Q  factor  of  130.  The 

cavity  mode  width  thus  equals  Ay 130=0.042  ^m  or  1.7  meV.  As  a  result,  a  Rabi  splitting 
involving  the  ISBT  and  the  cavity  mode  should  be  observed  if  one  could  reduce  the  FWHM  of 
the  ISBT  to  1.7  meV.  This  implies  a  long  coherence  time,  longer  than  what  has  ever  been 
observed  for  ISBT  in  quantum  wells.  At  present,  it  seems  unrealistic  that  an  ISBT  Rabi 
splitting  could  be  observed  in  the  grated  microcavity.  For  the  simulation,  let  us  suppose  that  a 
EWHM  as  small  as  1  meV  can  be  reached.  We  calculated  the  absorption  in  the  cavity  described 
above.  We  increased  the  doping  to  2  x  lOio  cm-2.  The  grating  parametrs  are  d=  1.865  ^ira, 
c/d=  0.5  and  h=  0.1  p.m.  Three  CaF2/ZnSe  periods  are  used.  The  cavity  length  varies  from 
2.61  to  2.70  ^im.  We  present  the  result  in  Fig.  4.  As  the  cavity  length  increases,  the  cavity 
mode  resonance  wavelength  increases  from  5.4  to  5.55  jim.  The  grating  mode  is  around 

X=  5.45  ^im,  almost  independent  of  the  cavity  length,  while  the  ISBT  peaks  at  X=  5.50  urn. 
When  L  increases,  we  first  observe  an  anticrossing  of  the  grating  and  cavity  modes  that  occurs 
for  L  «  2.65  pm.  Then,  we  observe  the  splitting  between  the  cavity  mode  and  the  ISBT  for  L  « 
2.68  pm.  This  one  is  a  Rabi  splitting.  In  other  words,  for  these  cavity  parameters,  one  would 
observe  an  oscillatory  energy  transfer  from  the  quantum  wells  to  the  cavity  mode.  This  transfer 
is  not  direct  as  it  implies  the  transfer  via  the  grating  mode. 
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Figure  4:  Calculated  absorption  spectrum  in  a  grated  cavity  as  a  function  of  cavity  length.  Top 
and  bottom  mirrors  are  made  of  3  ni/n2  periods  with  ni=1.4  and  n2=2.43.  The  grating 
parameters  are  (d,  c/d,  h)=(1.865  pm,  0.5,  0.1  pm).  The  FWHM  of  the  intersubband 
transition  is  1  meV.  The  doping  density  is  equal  to  2  x  lOiOcm-2. 
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CONCLUSION 


The  use  of  grated  microcavities  for  ISBT  had  been  proposed  previously! 2.  In  this  paper, 
we  have  discus^  specific  features  associated  with  the  coupling  between  cavity,  grating  and 
electronic  modes.  We  have  calculated  splittings  between  optical  modes  that  should  be 
observable  experimentally.  We  have  verified  the  criteria  for  the  strong  coupling  regime  whoe 
the  mode  anticrossing  appears.  In  this  anticrossing  region,  quantum  wells  will  absorb  or  emit 
photons  that  are  bouncing  back  and  forth  from  the  cavity  to  the  grating  mode.  In  the  case  of 
emission  for  instance,  the  spontaneous  emission  lifetime  can  be  reduced.  However,  it  still 
remains  in  the  regime  of  a  damped  oscillator.  On  the  other  hand,  for  ideal  unrealistic  ISBT 
parameters,  we  also  calculated  a  splitting  between  the  ISBT  and  the  cavity  modes.  In  this  case, 
the  ISBT  considered  as  an  oscillator  is  not  in  a  damped  regime  anymore  but  energy  should  be 
transfered  between  the  wells  and  the  cavity  at  the  Rabi  frequency.  With  the  present  day  values 
of  ISBT  coherence  time,  this  cannot  be  experimentally  observed. 

ACKNOWLEDGMENTS: 

B.  Vinter  and  V.  Berger  are  thanked  for  their  critical  reading  of  the  manuscript 


REFERENCES 

!  E.  Rosencher,  B.  Vinter,  and  B.  F.  Levine,  eds..  Intersubband  Transitions  in  Quantum 
Wells  (Plenum,  New  Yoric,  1992). 

2  H.  C.  Liu,  B.  F.  Levine,  and  J.  Y.  Andersson,  Quantum  Well  Intersubband  TransitUms: 
Physics  and  Devices  (Kluwer,  Dordrecht  1994). 

3  V.  Berger,  N.  Vodjdani,  B.  Vinter,  D.  Delacourt,  E.  Dupont  E.  Costard,  D.  Papillon,  E. 
BOckenhoff,  and  J.  P.  Schnell,  in  Intersubband  Transitions  in  Quantum  Wells  E.  Rosencher, 
B.  Vinter,  and  B.  Levine,  eds.  (Plenum,  London,  1992)  p.  133. 

^  R.  P.  Karunasiri,  Y.  J.  Mii,  and  K.  L.  Wang,  IEEE  Electron  Device  Lett  EDL>11,  227 
(1990). 

5  B.  F.  Levine,  J.  Appl.  Phys.  74,  R1  (1993). 

J.  Faist  F.  Capasso,  D.  L.  Sivco,  C.  Sirtori,  A.  L.  Hutchinson,  and  A.  Y.  Cho,  Science 
264,  553  (1994). 

7  J.  Y.  Andersson  and  L.  Lundqvist  J.AppLPhys.  71,  3600  (1992). 

8  J.  Y.  Duboz  and  V.  Berger,  submitted  to  Appl.  Phys.  Lett  (1996). 

9  E.  Burstein  and  C.  Weisbuch,  eds..  Confined  Electrons  and  Photons  (Plenum,  New  York, 
1995). 

10  M.  S.  Onlu  and  S.  Strite,  J.  Appl.  Phys.  78,  607  (1995). 

11  R.  P.  Stanley,  R.  Houdr6,  U.  O^terle,  M.  Gailhanou,  and  M.  Illegems,  Appl.  Phys.  Lett. 
65,  1883  (1994). 

!2  J.  Y.  Duboz,  J.  Appl.  Phys.  to  be  published,  (1996). 

t3  C.  Weisbuch,  M.  Nishioka,  A.  Ishikawa,  and  Y.  Arakawa,  Phys.  Rev.  Lett.  69,  3314 
(1992). 

Y.  Zhu,  D.  J.  Gauthier,  S.  E.  Morin,  Q.  Wu,  H.  J.  Carmichael,  and  T.  W.  Mossberg, 
Phys.  Rev.  Lett  64,  2499  (1990). 


128 


EMISSION  EFFICIENCY  IN  InAs  LEDs  CONTROLLED  BY  SURFACE  RECOMBINATION 


M  J  Kane,  G  Braithwaite*,  M  T  Emeny,  D  Lee,  T  Martin  and  D  R  Wight 
Defence  Research  Agency,  St  Andrews  Rd  Malvern  Worcs,  WR14  3PS  U.K. 

*AMG  Systems  Ltd  Biggleswade  SGI  8  8QB  U.K. 

ABSTRACT 

In  this  paper,  light  emitting  diodes  (LEDs)  are  used  to  study  the  recombination  dynamics  of 
minority  electrons  in  p  type  InAs.  The  LEDs  operate  through  injecting  electrons  into  p  type  material 
with  a  free  surface.  When  surface  recombination  is  dominant,  the  output  of  the  LEDs  is  shown  to 
depend  only  on  the  strength  of  the  radiative  recombination  and  not  on  its  efficiency.  When  surface 
recombination  is  not  dominant,  the  dependence  of  the  LED  efficiency  on  the  thickness  of  the  active 
layer  is  analysed  to  give  the  minority  carrier  diffusion  lengths  and  recombination  efficiencies.  The 
electron  diffusion  length  is  shown  to  be  3±0,5  pm  in  5xl0'®  cm‘^  p  type  InAs  and  6±1  pm  in  2xl0’*  cm'^ 
p  type  material.  An  upper  limit  of  ~2.1xl0‘^*  ernes'*  is  deduced  for  the  total  Auger  recombination  rate 
constant  in  p  type  material. 

INTRODUCTION 

Light  emitting  diodes  (LEDs)  in  the  visible  and  near  infra-red  have  been  available  as  cheap 
commodity  products  for  many  years,  after  extensive  research  and  development.'  This  research  has  led 
to  their  operation  being  well  understood.  In  contrast,  the  operation  of  LEDs  in  the  mid  infra-red 
(^2pm)  is  much  less  well  understood.  One  of  the  reasons  that  this  understanding  is  poorer  is  that  the 
recombination  dynamics  in  the  relevant  materials  have  been  studied  in  far  less  detail  than  in  the  wider 
gap  materials.  A  major  issue  with  narrow  gap  materials  is  that  there  are  intrinsic  non  radiative  (Auger) 
processes  which  may  limit  their  radiative  recombination  efficiency. 

This  paper  presents  an  analysis  of  the  recombination  dynamics  in  p  type  InAs  which  is  obtained 
from  an  experimental  study  of  InAs  LEDs  (Xpeak~3.45  pm).  Before  details  of  the  physics  of  bulk 
radiative  and  non  radiative  processes  can  be  studied  in  LEDs,  effects  such  as  surface  recombination  and 
re-absorption  of  the  emitted  light  must  analysed  and  accounted  for.  The  major  part  of  this  paper  is  an 
analysis  which  shows  how  to  account  for  these  effects  and  extract  quantitative  details  of  the  underlying 
physics. 


THEORY 


Bergh  and  Dean'  described  a  model  for  the  output  efficiency  of  an  LED  where  the  effects  of 
surface  recombination  were  taken  in  to  account,  but  were  relatively  minor.  In  this  paper  we  will  present 
a  model  for  the  operation  of  an  LED  with  strong  surface  recombination.  This  full  teatment  of  surface 
recombination  shows  up  some  unexpected  consequences,  not  described  in  reference  1,  for  the  way  in 
which  the  output  power  of  the  LED  depends  on  its  materials  parameters. 

The  LED  model  considers  the  diffusive  flow  of  minority  carriers  injected  into  an  active  region 
extending  in  the  x  direction,  with  injection  at  x=L  and  a  free  surface  at  x=0.  The  injected  electron  (or 
hole)  density  nfxj  is  governed  by  the  diffusion  equation 


D 


d^n  n 


(1) 


dx^  X 

where  D  is  the  diffusion  constant  and  x  is  the  bulk  carrier  lifetime.  The  boundary  conditions  are  (i): 


D^^Sn 

dx 

at  x=0,  where  S  is  the  surface  recombination  velocity  and  (ii): 


(2) 
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r 

D—  =  J  ( 

dx 

at  x=L,  where  J  is  the  rate  of  carrier  injection.  The  solution  to  equation  (1)  has  the  form 


n(.)  =  X.xp(i).i»exp(-^ 


where  A  and  B  are  determined  from  the  boundary  conditions  in  the  usual  manner. 

The  rate  at  which  photons  are  generated  in  the  structure  is  ^n(x)/x  where  q  is  the  radiative 
recombination  efficiency  of  the  active  region,  q  can  be  written  as  where  is  the  radiative 
lifetime.  If  light  is  extracted  through  the  junction  plane  at  x=L  and  there  is  re-absorption  of  the  light 
with  absorption  coefficient  a,  the  total  output  quantum  efficiency  of  the  LED  (at  the  junction  plane),  £, 
is  given  by 

^^jpi«(x)exp(-(I-x)a)^  (5) 

0 

(The  InAs  active  layer  has  a  refractive  index  ~3.5  (9c~l  8®)  so  that  the  implicit  assumption  in  (5) 
that  all  light  travels  through  the  active  layer  normal  to  the  surface  is  justified.  The  model  also  assumes 
that  all  light  is  emitted  towards  the  junction.  The  correction  factor  that  allows  for  front  and  back 
emission  is  included  below  with  the  factor  that  allows  for  the  critical  angle 

The  full  expression  for  E  is  straightforward  to  derive  and  the  derivation  will  not  be  presented 
here.  Instead  we  will  consider  the  results  obtained  in  two  illustrative  special  cases. 


V  rill*  MriiiVNiT'4*  III*  ■nTthTr 


Boundary  condition  (2)  reduces  to  n(0)^  and  the  injected  electron  density  is  given  by 

JLn  sinhf  —1 


The  efficiency  is  then  given  by 


When  Lc>»L  (7)  reduces  to 


£=tiI  l-scch(— ) 


where  LD,rad’^LD/r)^=(I^nKi)’^-  (From  hereon  this  quantity  will  be  called  the  radiative  diffiisiim  length.) 
In  this  case,  the  efficiency  depends  only  on  the  radiative  rate  constant  (l/tr«t)  and  not  on  the  radiative 
efficiency.  (Changes  in  the  radiative  efficiency  of  the  material  are  met  by  changes  in  the  surface 
recombination  rate  and  not  by  changes  in  the  radiative  recombination  rate.) 


The  surface  recombination  does  not  influence  the  carrier  distribution  and 
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the  efficiency  E  is  given  by 


£:  =  il(l+ai„)-'  (10) 

when  aZ, » 1 .  The  absorption  coefficient  in  InAs  at  the  peak  of  the  LED  generation  spectrum  (3.42 
pm)  is^’^  -0.21  pm"’.  The  output  efficiency  will  be  half  the  bulk  generation  efficiency  if  the  diffusion 
length  is  <~5  pm  and  the  active  layer  thickness  significantly  thicker  than  5  pm. 

These  two  special  cases  are  the  limits  of  the  situations  considered  in  detail  in  the  experimental 
results  section  below.  When  analysing  experimental  results,  the  active  layer  thicknesses  and  absorption 
coefficients  are  known,  so  that  the  full  expression  for  equation  (5)  will  have  two  unknown  parameters; 
the  diffusion  length  Ld  and  internal  radiative  efficiency  ti.  Analysis  of  the  dependence  of  the  output 
efficiency  on  thickness  allows  Lp  and  X]  to  be  determined  provided  that  the  range  of  thicknesses  extends 
to  ~2Ld.  Knowledge  of  Lq  and  t|  and  their  dependences  on  the  doping  density  allows  some  deductions 
to  be  made  about  the  radiative  and  non  radiative  recombination  mechanisms. 

EXPERIMENTAL  DETAILS 


The  device  structures  studied  here  are  grown  on  n  type  InAs  substrates,  doped  to  2x1  o’*  cm'^ 
and  500  pm  thick.  The  band  gap  of  the  substrates  is  up-shifted  by  -150  meV  by  the  Moss-Burstein 
Shift.  The  diodes  consist  of  a  1  pm  thick  n-type  region  Si  doped  to  lO’*  cm"^  and  a  top  Be  doped  p-type 
region  with  a  doping  density  which  is  varied  between  5xl0’^  and  5xl0'*  cm'^.  (See  table  1  below.)  The 
structures  were  grown  by  molecular  beam  epitaxy.  The  junction  configuration  (high  n  and  moderate  to 
high  p)  ensures  that  the  forward  bias  current  is  essentially  carried  by  electrons  injected  in  to  the  p  type 
material.  This  sense  of  junction  also  ensures  that  these  electrons  have  a  clearly  positioned  boundary  that 
terminates  the  minority  carrier  flow,  which  would  not  be  the  case,  if  electrons  were  injected  into  p  type 
material  grown  on  a  p  type  substrate. 


Table  1  Details  of  the  InAs  p-n  junctions 


Structure 

p  doping 
level  (cm'^) 

p  layer 
thickness 
(pm) 

Output 

efficiency 

(pW/A) 

Radiative 
diffusion 
length  (pm) 

A 

5x10’^ 

6 

3 

87 

B 

1.5x10'^ 

6 

10 

47 

C 

5x10’’ 

6 

32 

26.3 

D 

lO'* 

6 

40 

23.5 

E 

2xl0'* 

6 

60 

- 

F 

2xl0'* 

12 

94 

16.3 

G 

5xl0'* 

10 

55 

13.4 

Structures  C  D  E  and  F  have  a  2000  A  top  contact  layer  doped  to  5x1 0’®  cm"^. 
Structures  G  also  has  an  additional  1  pm  thick  p  layer  doped  at  5xl0'*^  cm"^ 
between  the  n  layer  and  the  heavily  doped  p  layer  in  order  to  suppress  tunnel 
currents. 


The  epitaxial  junctions  are  processed  into  mesa  diodes  with  diameters  varying  between  100  and 
400  pm  using  conventional  semiconductor  technology.  The  top  surface  of  the  mesa  is  completely 
covered  in  a  metallic  contact.  The  light  output  of  the  diodes  is  measured  through  the  substrate  and 
corrected  for  substrate  absorption.  The  metal  contact  is  assumed  to  give  a  large  (essentially  infinite) 
surface  recombination  velocity.  No  evidence  to  contradict  this  assumption  was  found  in  any  of  the 
experiments. 
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Absolute  output  powers  were  obtained  by  integrating  the  LED’s  polar  diagram.  This  was 
measured  at  a  single  current  using  a  calibrated  detector  and  no  other  optics,  in  order  to  eliminate 
systematic  errors.  Detailed  light-current  characteristics  were  measured  over  a  wide  range  of  currents  in 
an  uncalibrated  system  with  fast  optics  which  give  a  higher  dynamic  range.  The  relative  values  obtained 
in  this  way  were  converted  to  absolute  measurements  using  this  single  reference  point. 

RESULTS  AND  ANALYSIS 

The  output  efficiency  of  devices  made  from  all  of  the  structures  were  measured  for  currents 
varying  between  lO’^A  and  10*'A  in  the  100  to  400  pm  devices.  The  output  efficency  was  found  to  be 
essentially  independent  of  current,  except  for  the  smallest  devices  and  largest  currents.  The  fourth 
column  in  table  1  shows  the  output  efficiency  measured  through  the  substrate  in  the  low  drive  limit  for 
all  of  the  device  structures. 

Figure  1  shows  the  output  powers  of  structures  E  and  F,  and  G  as  a  function  of  active  layer 
thickness.  The  active  layer  thickness  was  varied  after  the  structures  were  grown  by  wet  chemical 
etching.  The  solid  lines  in  figure  1  are  fits  to  equation  (S)  obtained  using  Lp  and  q  as  fitting  parameters 
as  described  above. 


Figure  1  Ouput  efficiency  versus  active  layer  thickness  for  InAs 
LEDs  with  p  type  active  layer  doping  densities  of  2x10'* 

(structures  E  and  F)  and  5x10**  cm*^  (structure  G). 

The  three  other,  fixed,  inputs  needed  to  obtain  the  fits  are  as  follows: 

(i)  InAs  has  a  relhuitive  index*,  n,,  of  3.5  which  results  in  a  correction  factor  between  the 
internal  and  external  quantum  efficiencies^  of  ~l/(nXnf+I)^)  (~1/71  in  this  case).  This  factor  relates  the 
power  extracted  from  a  single  face  to  the  total  internally  generated  power. 

(ii)  The  500  pm  thick  substrate  doped  n  type  to  a  level  of  2x10**  cm'^  has  a  cut  off  wavelength 
of  3  pm  because  of  the  Moss-Burstein  shifted  band  edge  and  a  maximum  transmision  of  50%  because  of 
free  carrier  absorption.  A  detailed  integration  of  the  spectrum  measured  through  the  substrate  and  the 
surface  spectrum  obtained  from  a  thin  device,  which  is  taken  to  be  the  generated  spectrum,  indicates  diat 
the  output  (in  W/A)  must  be  divided  by  a  factor  of  0.13  to  give  the  quantum  efficiency  at  the  junction 
plane  of  the  LED.  (This  factor  must  be  used  with  the  factor  of  1/71  above.) 

(iii)  The  correction  for  reabsorption  in  the  active  layer  is  applied  at  the  peak  of  the  generated 
spectrum,  3.42  pm.  At  this  wavelength  the  absorption  coefficient^’^  is  0.21  pm‘*. 
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The  best  fits  are  obtained  with  Ld=6±1  fim  and  t]=0.135  when  [p]=2xl0’*  cm'^  (structures  E 
&F)  and  Ld=3.1±0.5  pm  and  t|=0.05  when  [p]=5xl0’*  cm'^  (Structure  G). 

The  results  obtained  for  structures  E  to  G,  suggest  that  in  structures  A  to  D  the  minority  carrier 
diffusion  lengths  will  be  much  greater  than  the  thickness  of  the  active  layers  (6  pm)  and  that  the  output 
of  the  LED  will  be  determined  solely  by  the  radiative  diffusion  length  and  not  by  the  internal  efficiency. 
The  active  layers  in  these  devices  have  thicknesses  comparable  to  the  absorption  length  at  the  peak  of 
the  emission  and  an  expression  derived  from  equation  (5)  that  is  rather  more  complicated  than  equation 
(8)  must  be  used  to  analyse  the  data  fully.  The  radiative  diffusion  lengths  that  are  deduced  in  this  way 
are  shown  in  the  fourth  column  of  table  1. 

The  sensitivity  of  the  LED  output  to  the  radiative  efficiency  of  the  active  layer  has  been 
calculated  for  structure  D,  with  the  assumption  of  infinite  surface  recombination  velocity  and  a  constant 
radiative  diffusion  length  of  23.5  pm.  The  output  of  the  LED  decreases  by  about  10%  as  the  internal 
efficiency  of  the  active  material  drops  from  1  to  0.2,  verging  the  statement  that  the  LED  output  is 
essentially  independent  of  the  internal  efficiency. 

It  is  estimated  that  about  65%  of  the  light  generated  at  the  emission  spectrum  peak  escapes  from 
a  6  pm  thick  active  layer  so  that  photon  recycling  cannot  cause  a  major  perturbation  of  the  analysis  of 
such  devices  whatever  the  internal  efficiency.  In  the  thicker  devices,  the  internal  efficiency  is 
sufficiently  low,  <14%,  so  that  photon  re-cycling  will  again  not  be  of  major  significance. 

Figure  2  shows  the  diffusion  lengths  and  radiative  equivalent  diffusion  lengths  derived  from  the 
LED  analysis  as  a  function  of  doping  density. 


p-layer  doping  density  (cm"®) 


Figure  2  Diffusion  lengths  (Ld)  and  radiative  diffusion  lengths 
(LD.rad)  in  p  type  InAs. 


DISCUSSION 

The  radiative  equivalent  diffusion  length  in  InAs  can  be  estimated  using  an  argument  based  on; 
the  diffusion  lengths  measured  in  GaAs^;  van  Roosbroeck  and  Shockley’s  treatment  of  radiative 
lifetimes  in  semiconductors  and  a  scaling  argument  for  the  variation  of  minority  carrier  diffusion 
constant  from  material  to  material.  In  GaAs^  the  diffusion  lengths  of  minority  electrons  in  p  type 
material  is  given  by  an  expression  of  the  form  where  Al  is  -1.26x10^°  pmcm’^^  so  that  Ld  is  in 
microns  if  p  is  in  cm’^.  The  diffusion  length  scales  as  the  square  root  of  the  product  of  the  diffusion 
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constant  and  the  carrier  lifetime.  Using  the  band  edge  absorption  data  of  Dixon  and  Ellis^  the  radiative 
recombination  rate  constant  (B)  for  electrons  in  p  type  InAs  is  estimated  to  be  5.7x10*"  s''cm*^ 
compared  to  10'^^  s*'cm'^  in  GaAs.  The  diffusion  constant  is  estimated  frcnn  the  mobility  using  the 
Einstein  relation.  The  minority  electron  mobility  is  taken  to  scale  inversely  with  the  electron  mass. 
(The  masses  of  the  heavy  holes  in  InAs  and  GaAs  are  similar  so  that  the  screening  of  electron  scattering 
by  the  holes  is  taken  to  have  the  same  magnitude  in  InAs  as  in  GaAs.)  The  ratio  of  the  electron  masses 
in  InAs  and  GaAs  is  -3.  Taken  together,  these  arguments  give  a  value  of  2.82x1 0‘°  pmcm’^  for  Al  in 
InAs.  This  estimate  of  the  radiative  diffusion  length  is  shown  as  a  solid  line  in  figure  2.  Reasonable 
agreement  is  obtained  between  the  experimental  values  and  estimated  values.  Figure  2  also  shows  the 
diffusion  length  at  the  two  doping  densities  where  this  was  determinable. 

The  internal  efficiencies  of  the  InAs  active  material  allow  an  upper  limit  for  the  rate  constant  of 
Auger  recombination  in  p  type  material  to  be  estimated.  In  the  presence  of  radiative  recombination  and 
hole  Auger  processes  only,  the  internal  efficiency  is  given  by  an  expression  of  the  form 


(11) 


where  Cp  is  the  total  hole  Auger  recombination  rate  constant  (defined^  such  that  the  Auger  limited 
recombination  time  is  and  B  is  the  radiative  rate  constant.  Cp  is  the  sum  of  the  rate  constants  for 

all  Auger  processes  involving  two  holes  in  the  initial  state.  The  most  imp(Ktant  of  these  are  expected  to 
be  the  CHLH  and  CHSH  processes  using  the  notation  definol  in  reference  8.  Using  the  value  for  B  of 
given  above  with  the  measured  values  of  t^,  a  value  of  (2.1±0.2)xl0‘^  cmV  is  deduced  for  Cp.  The 
occurrence  of  other  non  radiative  processes  occurring  simultaneously  with  the  Auger  recombination 
cannot  be  excluded  so  that  this  value  of  the  rate  constant  must  be  regarded  as  an  upper  limit.  The  value 
of  Cp  has  previously  been  calculated  from  first  principles  by  Takeshima^  who  obuined  a  value  of  2x10* 
cmV’.  The  measured  value  is  much  smaller  than  this  calulated  value. 


CONCLUSIONS 

Radiative  recombination  in  p  type  InAs  has  been  studied  through  an  analysis  of  InAs  LEDs.  It 
is  found  that  when  the  LED  is  dominat^  by  surface  recombination,  the  efficiency  of  the  LED  depends 
only  on  the  strength  of  the  radiative  recombination  and  not  on  the  bulk  recombination  efficiency.  The 
experimentally  determined  strength  of  this  recombination  is  compared  with  estimates  based  cm  the 
known  properties  of  InAs  and  found  to  agree  well.  LEDs  that  are  sufficiently  thick  not  to  be  dominated 
by  surface  recombiation  are  also  studied  and  the  bulk  recombination  efficiency  deduced.  These  values 
of  efficiency  are  found  to  indicate  that  the  combined  strengths  of  the  CHHS  and  CHHL  Auger  processes 
are  much  weaker  than  would  be  indicated  from  the  previously  available  theoretical  estimates. 
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ABSTRACT 

The  different  possible  geometries  for  intersubband  transitions  in  microcavities  are  dis¬ 
cussed.  A  consequence  of  the  selection  rule  governing  intersubband  transition  is  the  vanish¬ 
ing  interaction  with  the  electromagnetic  field  inside  a  usual  vertical  cavity.  The  geometry 
of  vertical  planar  cavities  which  has  been  used  extensively  with  interband  transitions  is 
therefore  useless  in  the  case  of  intersubband  transitions.  Different  solutions  are  reviewed 
to  overcome  this  problem.  The  breakdown  of  the  selection  rule  in  a  vertical  cavity  is  first 
discussed.  This  can  be  done  with  the  use  of  vertical  quantum  wells,  or  thanks  to  intracavity 
diffraction  gratings.  Second,  the  use  of  in  plane  cavities  is  discussed.  Two  solutions  are  here 
envisaged:  Whispering  gallery  modes  in  microdisk  cavities,  and  efficient  etched  air/GaAs 
Bragg  mirrors.  Concerning  the  latter  attractive  solution,  the  losses  by  diffraction  into  the 
substrate  are  evaluated  theoretically  and  experimentally.  The  solution  of  the  Maxwell  equa¬ 
tions  by  a  finite  element  method  in  this  three  dimensional  system  shows  the  great  importance 
of  diffraction.  These  results  are  confirmed  by  waveguided  Fourier  transform  spectroscopy. 
To  overcome  this  difficulty,  we  propose  the  use  of  lower  refractive  index  substrates,  such  as 
oxidized  AlAs. 

INTRODUCTION 

The  latest  developments  of  efficient  light  emitters  or  detectors,  modulators  or  non  lin¬ 
ear  optical  devices,  have  been  achieved  largely  thanks  to  the  realization  of  cavities.  Let  us 
quote  for  example  resonant  cavity  enhanced  photodetectors  and  light  emitting  diodes  [1,  2], 
lasers[3,  4,  5]  or  modulators[6,  7].  Microcavity  concepts  have  also  been  studied  in  more 
fundamental  solid  state  physics,  in  atomic  physics[8,  9],  and  quantum  optics[10].  As  far  as 
semiconductor  heterostructures  are  concerned,  these  two  aspects  of  applied  and  more  fun¬ 
damental  physics  have  benefited  from  cavities  and  especially  from  microcavities,  which  have 
been  improved  with  the  progress  of  heterostructure  growth  techniques.  For  example,  the 
vertical  cavity  surface  emitting  lasers  [3,  4,  5]  (VCSELs)  have  lowered  the  semiconductor 
laser  thresholds  by  several  orders  of  magnitude,  reaching  now  the  /iA  range  thanks  to  the 
technological  development  of  oxidized  AlAs[ll,  12].  On  the  other  hand,  vacuum  Rabi  split¬ 
ting  has  been  observed  with  cavity  polaritons[13,  14],  opening  the  exciting  field  of  strongly 
coupled  exciton-photon  interactions[10].  These  two  aspects  are  closely  linked  since  the  ulti- 
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mate  performances  of  the  devices  will  be  limited  by  the  quantum  nature  of  light.  Enhanced 
photon  confinement  for  improved  efficiencies  or  spontaneous  emission  control  are  also  aimed 
for  by  more  complex  structures  as  whispering  gallery  cavities[15,  16,  17,  18]  or  photonic 
band  gap  materials(PBGs)[19],  which  can  be  viewed  as  a  three-dimensional  generalization 
of  planar  microcavities [20]. 

Up  to  now,  the  field  of  intersubband  transitions(ISBTs)[21,  22]has  not  interacted  a  lot 
with  the  community  of  microcavities.  The  reason  for  this  is  that  the  selection  rule  governing 
ISBTs  forbids  the  interaction  between  the  intersubband  dipoles  and  the  resonant  electro¬ 
magnetic  field  in  a  planar  cavity,  since  in  a  conventional  planar  cavity  the  electric  field  is 
parallel  to  the  layer,  and  then  cannot  induce  ISBTs.  New  devices  such  as  quantum  well  in¬ 
frared  photodetectors[23]  or  quantum  cascade  lasers  (QCLs)[24]  could  highly  improve  their 
efficiencies  by  using  high  Q  microcavities.  This  is  particularly  important  for  QCLs  which  do 
not  present  any  transparency  current[25].  Low  threshold  and  low  consuming  devices  need 
small  cavity  volumes  and  low  losses,  especially  low  mirror  losses,  as  in  the  case  of  VCSELs. 
Optically  pumped  intersubband  emitters  are  in  the  same  situation,  since  population  inver¬ 
sion  is  also  thresholdless  at  low  temperature.  [26].  New  solutions  and  new  geometries  have 
to  be  found,  more  complex  than  the  regular  planar  microcavity,  to  overcome  the  problem  of 
the  selection  rule.  In  this  article,  we  review  different  solutions,  and  analyze  their  pros  and 
cons. 

VERTICAL  CAVITIES 
Vertical  quantum  wells 

Originating  from  the  growth  developments  of  quantum  wires  on  nonplanar  substrates[27, 
28],  Vertical  Quantum  Wells(VQWs)  have  been  fabricated  by  metalorganic  vapor  phase 
epitaxial  growth  of  a  single-doped  AlGaAs  layer  on  a  submicron  grating[29].  An  example 
of  such  VQWs  is  shown  in  figure  1.  Thanks  to  this  irregular  orientation  of  the  QWs,  ISBT 
at  normal  incidence  was  demonstrated [29].  This  ”  rotation”  of  the  selection  rule  opens  the 
possibility  of  inserting  the  VQWs  in  a  planar  microcavity.  Both  mirrors  could  be  grown 
by  molecular  beam  epitaxy;  however  in  that  case  the  very  thick  |  layers  need  a  very  long 
growth  time.  Another  possibility  is  the  growth  of  the  bottom  mirror  only  in  the  GaAs/AlAs 
system,  the  top  mirror  being  obtained  by  the  deposition  of  dielectric  stacks. 

The  drawbacks  of  this  geometry  are: 

-  the  impossibility  of  band  gap  engineering, 

-  the  poor  crystalline  quality  of  the  quantum  layers. 

As  a  consequence  of  the  simplicity  of  the  self-organized  growth  of  the  VQWs,  fine  control 
of  the  band  structure  is  not  possible  as  in  the  csise  of  the  usual  planar  growth.  The  ISBT 
energy  can  be  controlled  by  changing  the  growth  parameters  (A1  content  of  the  AlGaAs 
alloy,  temperature  and  V/III  ratio).  Apart  from  this  control,  complex  structures  such  as 
asymmetric  step  or  double  quantum  wells  used  for  non  linear  frequency  conversion [30,  31] 
or  for  modulation[32,  33]  are  not  possible.  Under  special  growth  conditions,  coupled  VQWs 
have  been  grown,  but  without  control  of  the  exact  band  structure[34,  35].  It  is  thus  clear 
that  sophisticated  structures  such  as  the  biased  electronic  Bragg  mirrors  used  in  the  QCLs 
are  impossible  to  grow  with  this  technique.  QW  infrared  photodetectors  have  a  simple  band 
structure,  but  require  good  transport  properties  of  the  layers,  especially  the  barriers.  The 
growth  of  the  VQWs  is  obtained  in  a  corner  between  two  [111 A]  planes,  and  this  results 
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Figure  1:  Vertical  quantum  wells  obtained  by  self-organized  growth  of  a  single  AlGaAs  layer 
on  a  V-groove  substrate.  From  [29]. 


in  a  great  number  of  dislocations  in  the  vicinity  of  the  VQW,  so  that  very  bad  transport 
performances  are  foreseen.  In  addition,  the  two  dimensional  shape  of  the  barriers  (due  to  the 
shape  of  the  GaAs  grating  inside  the  AlGaAs  barriers)  is  not  well  suited  for  the  transport 
between  the  different  VQWs,  the  carriers  being  trapped  in  the  substrate,  which  presents  a 
lower  potential  than  the  VQWs  themselves. 

The  conclusion  of  our  analysis  is  thus  that  the  VQWs  cannot  be  used  either  for  emission 
or  detection.  The  only  possibility  is  their  use  in  intracavity  modulation.  The  population 
of  the  VQWs  can  be  tuned  by  a  Schottky  diode[36].  Benefiting  from  the  increase  of  the 
optical  field  inside  the  microcavity,  efficient  modulators  with  a  modulation  depth  near  100% 
at  room  temperature  seem  to  be  obtainable. 

Diffraction  gratings  in  microcavities 

The  problems  due  to  the  selection  rule  have  been  overcome  by  using  diffraction  gratings, 
especially  for  infrared  photodetectors[37],  where  normal  incidence  was  imposed  by  the  fo¬ 
cal  plane  array  geometry.  Normal  incident  light  is  diffracted  by  the  grating  in  a  direction 
such  that  ISB  absorption  is  optimized.  It  was  recently  shown  by  one  of  us  that  the  use  of 
diffraction  gratings  is  not  restricted  to  photodetectors [38].  Indeed,  the  concept  of  normal 
incidence  ISBT  coupling  was  generalized  to  the  cases  of  modulators  or  emitters.  An  exper¬ 
imental  demonstration  of  this  concept  was  given  with  the  realization  of  a  grating  coupled 
infrared  modulator  at  normal  incidence[39].  Opposite  to  the  case  of  photodetectors,  a  trans¬ 
parent  phase  grating  was  used  and  the  modulation  was  observed  in  the  non  diffracted  order 
transmitted  by  the  modulator[39].  The  coupling  with  the  ISBT  was  provided  through  the 
diffracted  modes.  The  overall  effect  of  the  association  between  the  grating  and  the  quan¬ 
tum  wells  is  then  essentially  a  variation  of  the  normal  incidence  dielectric  function.  In  this 
experiment,  modulation  depths  were  increased  by  a  factor  of  three  compared  with  the  same 
structure  used  without  grating  at  Brewster  angle.  Moreover,  these  experiments  showed  the 
validity  of  this  concept  of  normal  incidence  ISBT,  which  was  the  basic  idea  of  using  ISBTs 
in  microcavities,  introduced  by  Duboz[38].  In  the  microcavities  pictured  schematically  in 
figure  2,  the  grating  and  the  quantum  wells  are  inserted  in  a  planar  microcavity,  and  both 
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Figure  2:  Schematic  picture  of  the  diffraction  gratings  in  microcavities.  Top  left:  All  di¬ 
electric  microcavity  with  two  Bragg  mirrors.  Top  right:  Metal-dielectric  microcavity,  used 
in  reflection.  Bottom:  Calculated  modulation  depth  in  a  metal-dielectric  microcavity.  From 

(38). 


the  grating  and  the  cavity  are  resonant  with  the  ISB  energy.  Calculations  were  performed  for 
various  configurations,  for  dielectric  or  metallic  gratings,  and  for  infrared  detection,  emission, 
or  modulation [38].  A  simple  and  efficient  structure  is  obtained  for  example  in  a  reflection 
geometry  with  a  metallic  grating,  the  other  cavity  mirror  being  an  AlAs/GaAs  epitaxial 
Bragg  mirror  grown  below  the  quantum  wells  (see  figure  2).  An  example  of  the  efficiency  of 
such  a  structure  is  also  given  in  figure  2.  It  is  shown  that  a  modulation  depth  near  100%  is 
easily  obtained,  with  only  4  ^  layers. 

It  is  clear  that  this  concept  is  more  useful  than  the  insertion  of  VQWs  in  a  planar  cavity, 
since  we  can  benefit  from  the  possibility  of  growing  complex  structures  by  standard  molecular 
beam  epitaxy.  However,  this  solution  has  also  some  limitations:  The  growth  of  the  thick 
Bragg  mirrors,  especially  for  the  middle  infrared  wavelengths,  leads  to  a  degradation  of  the 
quality  of  the  quantum  layers,  and  the  control  of  their  parameters  (widths,  A1  contents)  is 
also  decreased [40].  For  example,  the  structure  of  figure  2  needs  a  Bragg  mirror  of  6.7/im 
total  thickness,  contziining  4  AlAs  layers  of  thickness  0.9;im,  which  is  a  challenge  for  a  good 
quality  molecular  beam  epitaxy.  The  second  and  major  limitation  of  this  concept  is  the  low 
possible  quality  factor  of  these  cavities.  As  a  consequence  of  the  growth  difficulties  of  these 
very  thick  structures,  only  a  few  Bragg  pairs  can  be  grown  and  the  very  high  finesses  that 
have  been  realized  in  the  near  infrared  for  exciton  photon  strong  coupling  are  impossible 
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in  the  middle  infrared,  even  with  the  use  of  dielectric  coatings  on  one  side.  The  use  of  a 
metallic  mirror  for  one  side  of  the  cavity  adds  losses  which  limit  also  the  maximum  possible 
finesses.  The  finesses  which  seem  to  be  feasible  in  this  system  are  of  the  order  of  a  few 
tens[41],  which  is  about  two  orders  of  magnitude  below  what  has  been  realized  in  the  near 
infrared  [42].  This  has  bad  consequence  for  the  use  of  diffraction  gratings  in  microcavities  as 
far  as  a  VCSEL  is  concerned,  and  also  for  the  strong  ISB  dipole-photon  interaction  studies. 

In  a  VCSEL,  the  mirror  loss  factor  in  a  round  trip  ~ln{RiR2)  becomes  very  large  due  to 
the  short  cavity  length  L.  As  a  consequence,  the  mirror  reflectivities  have  to  be  increased  by 
a  huge  factor  to  lower  the  thresholds  to  values  similar  to  those  of  edge  emitting  lasers.  This 
was  done  with  the  epitaxial  growth  of  Bragg  mirrors  of  reflectivity  greater  than  0.999  in  the 
near  infrared,  but  this  is  impossible  in  the  middle  infrared  due  to  the  prohibitive  growth 
thicknesses. 

In  addition,  numerical  simulations  showed  that  strong  coupling  regime  with  ISBTs  is  also 
very  difficult  to  achieve  in  this  system[41].  There  are  two  reasons  for  that:  First,  the  ISBT 
linewidth  has  to  be  smaller  than  the  Rabi  frequency,  or  equivalently  the  coherence  time  T2 
of  the  ISBT  has  to  be  greater  than  the  Rabi  oscillation  time.  The  Rabi  oscillation  frequency 
associated  to  the  ISBT  in  intracavity  square  quantum  wells  is  given  by: 


G^Ps^QW  fosc^g 

n'^eom*n'^Lcav 


(1) 


In  this  equation,  n  is  the  refractive  index  medium  of  the  cavity,  Lcav  its  length.  Nqw-Ps  is  the 
total  carrier  surface  density  in  the  system,  Nqw  is  the  number  of  QWs  and  ps  their  doping 
density,  fosc  is  the  oscillator  strength  containing  the  effective  mass  and  ag  describes  the 
non  perfect  coupling  between  the  quantum  wells  and  the  normal  incident  light  through  the 
grating.  In  practice,  0  <  <  1  and  this  factor  lowers  the  oscillator  strength.  (For  example 

in  the  structure  of  reference  [39],  we  have  ag  «  0.16).  For  a  square  quantum  well,  with 
fosc  ^  1,  and  for  a  standard  value  of  ps  =  5.10“cm“^,  we  get  hQ  =  0.^7 y^Ngw^g  meV  for 
a  A  cavity.  For  the  observation  of  the  Rabi  splitting  in  an  absorption  experiment,  this  Rabi 
frequency  has  to  be  greater  than  the  transition  linewidth[43].  Since  for  modulation  doped 
QWs,  the  smaller  observed  linewidths  are  of  the  order  of  4meV,  this  requires  a  number  of 
QWs  greater  than  one  hundred.  However,  with  such  a  high  number,  the  coupling  ag  between 
the  grating  and  the  QWs  decreases,  because  of  the  poor  grating  efficiency  at  a  long  distance 
for  the  diffracted  modes.  In  other  words,  the  Rabi  frequency  depends  on  Nqw  in  a  square 
root  law  only  for  small  NqWi  and  saturates  for  high  Nqw-  Due  to  this  saturation  and  to  the 
large  ISBT  linewidths,  the  first  necessary  condition  for  strong  coupling  regime  (0  >  Visbt) 
is  very  hard  to  achieve  in  these  microcavities  including  diffraction  gratings. 

A  second  necessary  condition  is  that  the  photon  lifetime  in  the  cavity  be  long  enough 
to  allow  the  Rabi  oscillations.  This  is  not  easy  with  such  large  wavelength  microcavities 
with  low  index  contrasts.  With  a  GaAs/AlAs  mirror,  a  quality  factor  equal  to  30  leads  to 
a  photon  lifetime  £  =  0.16ps  for  a  10pm  wavelength,  or  equivalently  to  a  cavity  linewidth 
equal  to  Fcav  =  ^  =  4meV.  In  this  case,  the  conclusion  is  the  same  as  in  the  above  discussion 
about  the  ISBT  linewidth.  Note  that  slightly  larger  theoretical  Q  (of  the  order  of  100)  seem 
to  be  obtainable  with  two  dielectric  Bragg  mirrors.  It  could  be  sufficient  for  the  condition 
D  >  ^ISBT-  However,  in  this  case,  the  complexity  of  the  technological  process,  particularly 
the  planarization  of  the  grating  for  the  top  mirror,  will  make  it  difficult  to  realize  such  high  Q 
cavities.  Not  high  enough  Q  cavities  and  not  sharp  enough  transitions,  with  a  Rabi  frequency 


139 


which  cannot  be  easily  increased  due  to  the  local  nature  of  the  grating  coupling:  For  all  these 
reasons,  diffraction  gratings  in  microcavities  are  not  well  suited  for  strong  coupling  effects. 

In  conclusion,  diffraction  gratings  in  microcavities  are  certainly  a  very  powerful  concept 
as  far  as  low  Q  devices  are  concerned,  especially  detectors  and  modulators.  However,  the 
requirements  for  the  observation  of  strong  coupling  between  intersubband  dipoles  and  the 
mid  infrared  electromagnetic  field  as  well  as  the  realization  of  QCLs  VCSELs  need  higher 
quality  factors.  They  can  be  obtained  only  by  taking  into  account  the  specificity  of  ISBTs, 
that  is  to  say  the  in-plane  character  of  the  emission. 

IN  PLANE  CAVITIES 

Whispering  gallery  cavities 

Microdisk  structures  have  been  demonstrated,  resulting  in  very  low  thresholds  microdisk 
lasers  using  electrical  or  optical  pumping(44,  17,  18].  They  consist  of  micron  size  disk  res¬ 
onators,  on  a  post  which  provides  thermal  coupling  to  the  substrate  and  then  avoids  heating 
of  the  structure.  The  small  size  of  these  devices  results  in  a  very  small  number  of  guided 
modes,  with  only  a  few  high  Q  modes  propagating  around  the  perimeter  of  the  disk.  These 
low  loss  modes  have  been  called  ’’whispering  gallery”  modes  by  analogy  to  the  efficient  propa¬ 
gation  of  sound  waves  along  the  walls  of  the  circular  whispering  gallery  of  St.  Paul  Cathedral 
in  London.  As  a  consequence  of  the  high  quality  factor  of  these  modes  and  the  small  cavity 
volume,  the  proportion  of  the  total  spontaneous  emission  which  is  emitted  into  this  mode 
(the  well-known  parameter  /?)  is  highly  enhanced,  resulting  in  low  threshold  lasers[16].  Mi¬ 
crodisk  structures  are  well  suited  for  ISBTs  since  the  optical  mode  propagates  in  the  plane 
of  the  layers.  Some  of  the  difficulties  that  arise  for  the  microdisk  structures  for  interband 
transitions  are  much  easier  to  overcome  when  we  deal  with  ISBTs.  First,  the  losses  due 
to  scattering  on  the  edges  will  be  lower  thanks  to  the  larger  wavelength  (in  the  5  —  lOfim 
range),  for  a  given  edge  roughness.  The  difficulty  of  the  technological  process  is  reduced 
as  the  wavelength  and  hence  the  dimensions  are  increcised,  which  is  important  to  achieve 
electrical  pumping.  The  confinement  factor  is  also  increased  thanks  to  the  air  "substrate” 
for  the  whispering  gallery  mode,  and  the  losses  are  reduced.  Recently,  Faist  et  al.  realized 
a  quantum  cascade  microdisk  laser  with  a  quality  factor  Q  »  3300,  with  a  threshold  as  low 
as  2.85mA  for  a  17^m  diameter[18]. 

These  devices  are  very  interesting  structures  for  studying  new  effects  which  arise  when 
/?  approaches  the  limit  of  the  thresholdless  laser,  such  as  nonequilibrium  carrier  dynamics, 
anomalous  laser  linewidth,  or  photon  statisctics[45].  However,  as  far  as  a  device  is  concerned, 
the  problem  of  the  extraction  efficiency  remains  very  difficult.  There  is  no  directional  cou¬ 
pling  of  light  out  from  these  microdisks.  The  attempts  of  breaking  the  symmetry  of  the 
structure  by  introducing  a  defect  in  the  circular  disk  have  increased  the  amount  of  light 
emitted  in  a  given  direction[46],  however  the  brillance  of  these  structures  remains  very  poor. 
This  problem  is  very  similar  to  the  problem  of  coupling  between  a  defect  mode  (a  localized 
mode)  in  a  photonic  band  gap  material,  and  an  external  plane  wave,  which  is  the  desired 
output  for  a  device.  The  transmission  spectra  of  defect  modes  in  photonic  band  gap  mate¬ 
rials  have  always  been  very  low  (<-10dB),  due  to  this  very  bad  coupling.  All  the  photonic 
microstructures  need  to  solve  this  problem  of  coupling  between  a  highly  localized  mode 
inside  the  structure  and  an  outside  wave  well  suited  for  applications,  with  a  large  spatial 
coherence.  This  is  why  microdisk  lasers  have  not  been  integrated  in  a  device  up  to  now.  The 
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last  section  will  deal  with  the  geometry  of  standard  semiconductor  lasers,  where  the  light  is 
propagating  inside  a  linear  waveguide.  This  is  the  case  of  QCLs,  where  the  mirrors  are  the 
cleaved  facets  of  the  sample,  except  the  very  recent  realization  of  a  DFB  structure[25].  We 
will  discuss  the  alternative  and  exciting  solution  of  etching  air/semiconductor  Bragg  mirrors. 

Etched  Bragg  mirrors  cavities 

Several  groups  have  tried  to  produce  air/semiconductor  Bragg  mirrors  in  waveguides  by 
a  simple  etching  of  the  waveguide  structures [47,  48,  49,  50].  If  we  compare  with  a  DFB 
structure  (which  is  essentially  the  same  structure  but  with  a  low  index  contrast  in  the 
Bragg  mirrors),  this  geometry  has  the  advantage  that  the  high  index  contrast  gives  a  large 
band  gap,  and  therefore  the  possibility  to  increase  the  ratio  of  spontaneous  emission  into  a 
single  mode,  thanks  to  the  inhibition  of  all  other  modes  in  the  gain  spectrum.  In  addition, 
very  high  reflection  coefficients  are  expected  with  a  small  number  of  etched  holes.  These 
structures  were  therefore  studied  for  reduced  threshold  possibilities.  The  etching  process 
is  a  technological  challenge  since  the  required  aspect  ratios  are  large  for  these  tiny  holes 
(a  quarter  wavelength).  Up  to  now,  the  experimental  realizations  are  not  very  convincing, 
diffraction  in  the  substrate  dominating  the  system.  In  particular,  transmission  spectra  do 
not  show  a  high  transmission  inside  the  ’’conduction”  transmission  band  (i.e.  the  high 
energy  side  of  the  Bragg  band  gap).  In  addition,  the  measured  cavities  always  exhibit  low 
transmission  levels.  This  bad  coupling  between  outside  and  inside  the  structure  could  be 
due  to  reflection  (due  to  poor  mode  matching  between  the  outside  incident  mode  and  the 
intracavity  localized  mode,  which  is  analogous  to  the  problems  discussed  for  microdisks), 
but  also  to  leakage  to  the  substrate.  Useful  high  Q  cavities,  with  high  transmission  levels, 
seem  then  very  difficult  to  realize  due  to  these  losses.  It  is  therefore  essential  to  evaluate  the 
diffraction  in  a  corrugated  waveguide. 

The  perturbation  assumptions  used  in  coupled  mode  theory  are  not  valid  in  our  case,  be¬ 
cause  of  the  high  corrugation  (the  waveguide  can  be  completely  etched  through).  A  complete 
three-dimensional  resolution  of  Maxwell  equations  is  necessary  here.  We  have  developed  a 
code  for  this  purpose,  in  the  frequency  domain.  In  a  first  step,  the  two-dimensional  funda¬ 
mental  mode  of  the  unetched  waveguide  is  calculated,  and  then  this  mode  is  extrapolated 
on  a  three-dimensional  mesh  of  the  complete  structure.  The  complete  calculation  of  the 
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Figure  3:  Schematic  picture  of  the  Bragg-etched  waveguide  structures  studied  numerically. 
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Figure  4:  Left:  Incident  (from  the  right)  waveguided  mode  on  the  etched  Bragg  mirror, 
in  the  weak  guiding  case.  The  diffraction  in  the  substrate  is  very  important.  (The  iimit 
between  the  substrate  and  the  waveguide  core  is  the  horizontal  white  line  in  the  middle  of 
the  figure).  Right:  Incident  waveguided  mode  on  the  etched  Bragg  mirror,  in  the  strong 
guiding  case.  The  diffraction  in  the  substrate  has  been  highly  reduced. 


electromagnetic  field  is  then  performed  in  the  whole  structure  by  a  finite  element  method. 
The  three-dimensional  harmonic  Maxwell  equations  are  solved  using  the  combined  E-field 
variational  formulation,  with  first  order  edge  elements.  We  have  observed  that  the  scale  of 
the  mesh  has  to  be  of  the  order  of  one  tenth  of  the  wavelength  to  lower  numerical  noise 
to  a  few  percent.  This  very  stringent  condition  on  the  mesh  period  limits  the  size  of  the 
structures  that  can  be  studied  in  a  reasonable  computing  time,  the  typical  limits  of  size  of 
the  studied  structures  are  of  the  order  of  (5A)^. 

We  have  estimated  the  importance  of  diffraction  of  the  guided  modes  incident  on  an  etched 
Bragg  structure.  Figure  3  shows  schematically  the  structures.  Two  cases  were  analyzed:  In 
the  first  case  (the  weak  guiding  case),  the  structure  is  a  waveguide  with  a  low  index  contrast 
between  the  guiding  layer  and  the  substrate.  This  structure  corresponds  typically  to  a  GaAs 
guiding  layer  (index  taken  equal  to  3.3  in  the  mid  infrared)  on  an  AlAs  cladding  layer  (index 
equal  to  2.9).  In  the  second  case  (the  strong  guiding  case),  the  index  contrast  is  high,  as  for 
example  with  a  GaAs  guiding  layer  on  an  oxidized  AlAs  layer  of  index  1.6.  Indeed,  oxidized 
AlAs  (Alox),  obtained  by  lateral  oxidation  of  an  epitaxial  AlAs  layer,  is  a  very  low  index 
material  which  is  completely  compatible  with  QW  structures,  as  it  was  shown  with  the  latest 
developments  of  Alox  based  VCSELsfll,  12]. 

Our  calculations  show  that  the  diffraction  losses  are  very  important  in  the  weak  guiding 
case,  because  the  confinement  of  the  electromagnetic  wave  is  too  sh^dlow.  In  the  case  of 
incomplete  etching  through  the  waveguide,  (for  example  figure  4  shows  the  propagation 
of  the  electromagnetic  field  in  a  waveguide  with  a  Bragg  mirror  etched  through  3/5  of  the 
waveguide),  the  transmission  bands  transmit  always  less  than  10%.  In  the  case  of  a  deep  etch 
(through  the  substrate),  the  bad  coupling  between  the  different  waveguide  zones  separated 
by  an  air  layer  is  sufficient  to  diffract  more  than  50%  of  the  electromagnetic  field,  in  the  air  or 
in  the  substrate.  It  is  thus  clear  that  the  realization  of  microcavities  using  weak  waveguides 
will  certainly  lead  to  very  poor  quality  factors. 

In  the  strong  guiding  case,  we  have  observed  that  the  diffraction  into  the  substrate  is 
considerably  reduced.  Figure  4(right)  is  an  illustration  of  the  quality  of  the  Bragg  reflection. 
The  depth  of  the  etching  is  identical  to  that  of  the  weak  guiding  case  also  pictured  in  figure 
4(left)  (3/5  of  the  waveguide).  We  now  see  that  the  diffracted  intensity  is  very  low,  and  was 
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Figure  5:  SEM  picture  of  the  |  etched  layer  across  the  infrared  waveguide. 
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Wavenumber  (cm'^) 

Figure  6:  Waveguided  Fourier  transform  infrared  spectroscopy  of  the  sample  of  figure  5. 
Dotted  line:  Theoretical  transmission  using  a  simple  effective  index  model. 


limited  to  the  numerical  noise  of  our  computed  calculations.  We  have  also  calculated  the 
transmission  of  these  Bragg  mirrors  in  the  ’’valence”  and  in  the  ’’conduction”  transmission 
bands,  and  in  both  cases  the  diffraction  outside  the  waveguide  was  negligible.  However,  in 
the  case  of  a  deep  etch,  even  in  the  strong  guiding  case  the  diffraction  was  important.  We 
can  now  express  the  following  empirical  rule:  If  the  width  of  the  etched  waveguide  is  still 
large  enough  to  allow  a  guided  mode  (situation  of  under  cut-off  etching),  then  the  mode 
can  be  transmitted  from  one  waveguide  layer  to  the  next  one  with  a  low  diffraction  and  the 
resulting  Bragg  mirror  presents  low  diffraction  losses.  In  the  other  case,  if  no  guided  mode 
exists  inside  the  etched  layer  (situation  of  over  cut-off  etching),  the  diffraction  is  important 
and  the  Bragg  mirrors  are  useless  for  high  Q  cavity  applications.  In  the  favorable  case  of 
under  cut-off  etching,  it  is  clear  that  the  bandwidth  of  the  Bragg  mirror  will  be  decreased  with 
respect  to  an  ideal  Air/GaAs  Bragg  mirror,  because  of  the  decrease  of  the  index  contrast. 
Indeed,  in  that  case,  the  effective  index  theory  is  found  to  give  good  results  for  the  spectral 
position  and  width  of  the  forbidden  bands:  this  width  is  given  by  the  ratio  between  the  two 
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effective  indexes,  in  the  unetched  and  etched  layers. 

We  have  checked  experimentally  the  importance  of  the  diffraction  in  the  weak  guiding 
case.  Mid  infrared  waveguides  were  realized  by  reactive  ion  etching  of  a  5^m  waveguide  on 
a  3/im  Alo.gGao.iAs  cladding  layer.  A  simple  etch  was  re2dized  in  the  middle  of  the  waveg¬ 
uide,  providing  a  2/im  air  opening,  as  shown  in  figure  5.  This  layer  was  defined  by  electron 
beam  lithography,  whereas  the  waveguide  was  defined  by  optical  lithography,  in  a  second 
technological  step.  Figure  6  shows  the  transmission  of  the  final  structure  together  with  the 
simulated  transmission  in  the  "non  diffracting”  case.  The  latter  transmission  is  calculated 
with  a  simple  effective  index  model.  The  position  of  the  maxima  and  minima  are  in  good 
agreement  and  are  characteristic  of  a  ^  layer[51].  However,  in  the  experiment,  the  level  of 
transmission  is  low  with  respect  to  the  theoretical  expectations.  These  losses  are  due  to 
diffraction,  and  confirm  our  theoretical  discussion. 

CONCLUSION 

The  realization  of  high  Q  microcavities  for  intersubband  transitions  is  not  an  easy  task, 
due  to: 

-  the  stringent  selection  rule  which  makes  the  intersubband  transitions  not  well 
suited  for  usual  vertical  cavities, 

-  the  large  wavelengths  in  the  mid  infrared,  which  are  not  compatible  with  large 
numbers  of  Bragg  pairs. 

The  possibilities  of  vertical  quantum  wells  are  limited,  since  no  band  gap  engineering  is 
possible  in  these  structures.  Intracavity  diffraction  gratings  are  interesting  for  low  Q  de¬ 
vice  applications;  however  neither  vertical  cavity  surface  emitting  lasers  nor  strong  coupling 
dipole-field  interactions  are  possible.  In  opposite,  the  highest  Q  are  obtained  with  whispering 
gallery  modes  in  microdisks;  however  the  coupling  between  the  electromagnetic  field  inside 
these  structures  and  usable  optical  beams  outside  is  very  inefficient.  We  have  theoretically 
and  experimentally  studied  the  diffraction  losses  in  etched  Bragg  mirrors  in  waveguides.  We 
have  shown  this  diffraction  to  be  very  important  and  to  prevent  the  production  of  high  Q 
cavities  in  the  weak  guiding  case.  We  propose  the  use  of  a  very  low  index  confining  layer 
such  as  Alox  (strong  guiding  case),  to  suppress  diffraction  losses,  together  with  a  partial  etch 
of  the  guiding  layer.  However,  few  outstanding  problems  have  to  be  studied  to  validate  such 
a  structure:  We  have  neglected  the  absorption  losses  in  oxidized  AlAs.  The  mid  infrared 
properties  of  this  new  material  are  not  well  known  and  have  to  be  measured.  A  second 
problem  may  arise  from  additional  losses  introduced  by  the  technological  defects  coming 
from  the  oxidation  step.  These  two  problems  are  under  investigation. 
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ABSTRACT 

Vertical-cavity  surface-emitting  lasers  (VCSELs)  ^vith  suitable  interdiffusion  quantum  wells 
profile  by  the  use  of  selective  impurity-induced  disordering  is  proposed  for  high  power  single 
mode  operation  in  large  area  devices.  It  is  shown  that  the  transverse  optical  confinement  in  the 
quantum  well  active  region  formed  by  the  diffusion  profile  counteracts  the  influence  of  carrier 
spatial  hole  burning  for  VCSELs  biased  at  high  injection  current.  Results  indicate  that  a  single 
mode  operation  can  be  maintained  in  VCSELs  with  the  diameter  of  core  region  equal  to  50p.m. 

INTRODUCTION 

VCSELs  are  becoming  one  of  the  promising  devices  for  various  applications  in  high  bit-rate 
optical  fiber  communication  system,  optical  parallel  processing  and  optical  interconnections. 
This  is  because  of  their  unique  features  such  as  small  circular  output  beam  divergence,  single 
longitudinal  mode  operation  with  low  threshold  currents  less  than  1mA  and  high  relaxation 
oscillation  frequency  [1-3],  However,  the  excitation  of  higher  order  transverse  modes  degrades 
VCSELs’  performance  in  high  speed  optical  communication  systems  and  should  be  avoided.  To 
achieve  the  above  applications,  a  single  fundamental  transverse  mode  operation  is  essential  due 
to  the  elimination  of  noise  and  instability  and  the  ease  of  higher  coupling  efficiency  with  optical 
fibers  [4].  In  index  guided  VCSELs,  the  number  of  modes  depends  on  their  transverse 
dimensions  and  the  refractive  index  profile  between  the  core  and  cladding  regions.  In  gain 
guided  VCSELs,  the  fundamental  transverse  mode  operation  can  be  maintained  for  large  area 
devices.  However,  higher  order  transverse  modes  are  excited  with  high  injection  currents  due  to 
spatial  hole  burning  effect  within  the  core  region  [5].  Therefore,  it  is  necessary  to  suppress  the 
multiple  transverse  modes  in  VCSELs  at  high  output  power  for  large  area  devices. 

Concentration  of  impurity  varies  the  refractive  index  and  carrier  diffusion  rate  of  diffused 
quantum  well  (DFQW)  material  [6].  A  defined  pattern  of  refractive  index  profile  can  be  obtained 
by  selective  area  disordering  of  quantum  well  materials  and  this  technique  can  be  utilized  for  the 
fabrication  of  optical  devices  such  as  lasers  and  modulators  [7].  In  this  paper,  single  mode 
operation  of  large  area  VCSELs  using  selective  disordering  of  quantum  well  active  region  is 
studied  theoretically. 

LASER  STRUCTURE 

The  schematic  of  VCSEL  after  selective  impurity-induced  disordering  is  shown  in  figure  L 
It  is  assumed  that  the  active  layer  consists  of  20  AIq  3Gao7As/GaAs  quantum  wells  wnth  well 
width  and  barrier  thickness  of  100 A  and  lOOA,  respectively.  In  order  to  achieve  a  single  mode 
operation  of  VCSELs,  the  transverse  optical  confinement  in  the  quantum  well  active  region  is 
produced  by  the  use  of  selective  impurity-induced  disordering  technique.  The  selective  injection 
of  impurities  can  be  done  by  using  a  circular  mask  located  at  the  center  of  the  core  region  to 
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shelter  from  the  ion  implantation.  A  suitable  distribution  of  impurity  along  the  transverse 
direction  of  impurity  can  be  obtained  with  appropriated  annealing  time  and  temperature. 
Therefore,  dimension  of  mask,  implantation  energy,  annealing  temperature  and  time  are  the 
parameters  to  optimized  the  gain  margin  of  VCSELs. 

LASER  MODEL 


The  multimode  rate  equation  model  of  VCSEL  used  in  our  analysis  are  given  as  follows  [8] 
^(r,t)  J(r,t)  N(r,t)  1  d  (  ^(r,t)^  ^ 


-v.r,0(r.t)X|E,(r)|^S,(t) 


^  =  v,(r,G,-a,)S,(t)  +  R,(t)  (2) 

where  N  is  the  transverse  distribution  in  the  radial  direction,  r  of  carrier  concentration  inside  the 
active  layer  and  Si  is  photon  density  of  the  ith  mode,  dk  is  the  thickness  of  the  active  layer,  q  is 
the  electron  charge,  x  is  the  carrier  lifetime,  is  the  longitudinal  confinement  factor,  Vg  (=-c/ng, 
where  ng  is  the  group  index  and  c  is  the  velocity  of  light  in  free  space)  is  the  group  velocity  and 
D  is  the  ambipolar  diffusion  coefficient.  Oi  is  the  scattering  loss  in  the  active  layer  for  ith  mode 
and  Rsp  is  the  spontaneous  emission  rate.  J(r,  t)  is  the  current  density  distribution  along  the 
transverse  direction. 

In  the  photon  rate  equation,  the  effective  optical  gain  Gj  of  the  ith  mode  is  given  by 

0,=4-jg(N)|E,(r,t)|^rdr,  (3) 

0 

where  g  is  the  optical  gain  of  the  quantum  well's  active  layer  to  be  determined. 

The  symbol  Ej  represents  the  normalized  slowly  varying  complex  field  intensity  (i.e. 

l  =  2j^  lEjl^rdr/w^)  for  the  ith  mode  with  S,  as  the  corresponding  photon  density.  The  field 

intensity  ,Ei,  can  be  determined  by  solving  the  complex  scalar  Helmholtz  equation.  It  is 
expected  that  the  active  layer  supports  the  transverse  modes  which  can  be  expressed  in  terms  of 
linearly-polarized  (LPp)  modes  where  the  indexes  f  and  p  denote  the  azimuthal  and  radial  order 
of  modes  respectively.  The  LPoi  mode  is  dominated  due  to  its  maximized  overlapping  with  the 
optical  gain  profile,  however,  the  LPn  mode  can  also  be  excited  for  the  reasons  of  non-uniform 
current  injection  and  spatial  hole  burning  effects.  Therefore,  the  influence  of  modes  competition 
(between  LPqi  and  LPn  modes)  is  also  taken  into  calculation.  The  subscript  i=l  and  i=^2  of  the 
above  equations  represent  the  case  of  LPoi  and  LP|  i  mode  respectively. 

The  threshold  and  above  threshold  behavior  of  VCSELs  with  selective  disordering  is 
obtained  from  equation  ( 1 )  and  (2)  by  setting  the  time-derivatives  equal  to  zero.  These  non-linear 
and  time  independent  simultaneous  rate  equations  can  be  solved  in  a  self-consistent  manner.  The 
lateral  variation  along  carrier  concentration  of  the  active  layer  is  also  solved  by  using  finite 
difference  method  subject  to  the  condition  that  N  and  its  derivative  are  continuous  everywhere. 
If  we  assume  the  circular  symmetry  of  carrier  concentration,  at  r=0,  the  first  and  second 
derivative  of  N  take  the  form  as  follow : 

^1  _ 


2(N(r„t)-N(r„t)) 
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Figure  1.  Schematic  of  a  VCSEL  after  selective  disordering 


Figure  2.  The  optical  gain  and  refractive  index  distribution  of  VCSEL  with  the  diameter  of  mask, 
d  varied  between  8  to  24  jim. 


where  Ar  is  the  separation  between  two  successive  points  in  the  radial  direction,  r.  It  is  also 
required  that  as  r  ->•  very  large,  the  carrier  concentration  change  N  ->  0.  The  field  intensity  Ej  is 
also  solved  simultaneously  with  the  carrier  concentration  such  that  the  time-dependent 
transverse  field  intensity  variation  can  also  be  considered  into  investigation. 

MODEL  FOR  QUANTUM  WELL  MATERIAL 

The  refractive  index  and  optical  gain  of  quantum  wells  material  under  the  influence  of 
impurities  induced  disordering  are  also  considered  in  our  analysis.  The  models  given  in 
references  [9,10,11]  are  utilized  to  calculate  the  optical  and  electrical  properties  of  DFQW’s 
which  are  summarized  in  Appendix  A  ft  is  defined  that  the  extent  of  interdifFusion  into  the 
quantum  wells  material  is  characterized  by  a  diffusion  length,  Ld,  where  Ld=0A  represents  the  as- 
grown  quantum  wells  and  the  diffusion  strength  of  impurity  is  described  by  the  magnitude  of  Ld. 
The  corresponding  magnitude  of  Ld  between  the  mask  and  non-mask  region  are  equal  to  0  and 
lOA,  respectively.  In  the  following  calculation,  the  values  of  DFQW’s  parameters  vary  with  Ld 
and  device  parameters  used  in  the  laser  model  are  given  in  Table  I  and  II,  respectively. 
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Table  I.  Material  Parameters  in  Laser  Structure 


(at  operating  wavelength 
of  0.85pm) 

Diffusion  Length  (Lj)  | 

OA 

lOA 

1780.0121 

468.6990 

Transparency  carrier  density 
(N„)xl0"*cm-^ 

2.19% 

2.4092 

Fitted  parameters  (e) 

-0.02824 

-0.02521 

2.0673 

1.9809 

3.627 

3.5880 

Table  11.  Parameters  Used  in  Model 


Parameters  (symbol) 

Magnitude 

Thickness  of  active  region  (d) 

1  pm 

Carrier  lifetime  (t) 

4  ns 

Effective  group  refractive  index  (Oi) 

3.70 

Longitudinal  confinement  factor  (Fz) 

0.16 

Velocity  of  light  in  free  space  (c) 

3xl0'“cms'' 

Ambipolar  diffusion  coefficient  (D) 

15  ernes  ' 

RESULTS  &  DISCUSSIONS 

It  is  assumed  that  the  laser  is  initially  biased  at  threshold  and  modulated  by  a  step  current  of 
2  times  its  threshold  value.  The  operating  wavelength  of  the  VCSEL  is  chosen  to  be  =  0.85pm 
and  the  diameter  of  core  region  is  equal  to  50pm.  The  diameter  of  circular  mask,  d  is  varied 
between  8  and  24pm  to  shelter  from  the  ion  implantation.  In  order  to  ensure  the  current  is 
effectively  injected  in  the  laser,  the  current  confinement  structure  is  needed.  It  is  observed  that 
the  relative  optical  gain  at  the  center  of  core  region  of  DFQW- VCSEL  is  suppressed  for  the 
increasing  diameter  of  circular  mask.  With  the  cases  of  the  diameter  of  circular  mask  equal  to 
8pm  and  12pm,  the  transverse  optical  confinement  in  the  quantum  well  active  region  is 
produced.  This  is  because  a  gaussian  distribution  of  permittivity  along  the  active  layer  is 
produced  by  the  impurities  andthe  transverse  field  is  guided.  The  gain  margin  can  also  be 
enhanced  if  the  overlapping  integral  between  the  optical  gain  and  the  fundamental  transverse 
mode  is  maximized. 

Figure  3  shows  the  near  field  profile  of  DFQW-VCSEL  with  the  diameter  of  circular  mask 
varied  between  8  and  24pm.  It  is  found  that  the  fundamental  mode  of  optical  field  can  not  be 
maintained  for  large  size  of  circular  mask.  This  is  because  the  active  layer  of  DFQW-VCSEL 
with  large  circular  mask  no  longer  supports  the  LPoi  transverse  mode.  Moreover,  the  excitation 
of  higher-order  transverse  mode  is  observed  due  to  the  spatial  hole  burning  effects.  Therefore, 
the  dimension  of  the  circular  mask  can  affect  the  performance  of  DFQW-VCSEL. 
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1.5-1 

d  =  24um 


Figure  3.  The  near  field  profile  with  the  diameter  of  mask,  d,  varied  between  8  to  24  pm. 


CONCULSION 

In  conclusion,  the  selective  impurity-induced  disordering  vertical-cavity  surface-emitting 
lasers  with  the  diameter  of  the  core  region  equal  to  50pm  is  investigated.  These  devices  are 
designed  to  achieve  a  high  power  single  mode  opearion  at  0.85pm.  Results  show  that  the  single 
mode  operation  with  the  diameters  of  the  circular  mask  varied  between  8  and  18pm  are 
obtained.  The  confinement  of  the  transverse  optical  field  is  produced  by  using  selective  IID 
technique  can  reduce  the  influence  of  the  carrier  spatial  hole  burning  at  high  injection  current. 
Therefore,  the  behaviour  of  the  DFQW-VCSEL  is  affected  by  the  size  of  the  circular  mask. 
Besides,  the  implanation  energy,  annealing  temperature  and  time  are  also  the  important 
parameters  to  determine  the  modal  behaviour  of  DFQW-VCSEL. 

APPENDIX  A 

The  refractive  index,  Odfow,  of  diffused  quantum  wells  active  layer  is  given  by  [9] 

f  1/2 

noPQw(co)  =  (ie[H  +  i{KMr  +KH]  j  J  (Al) 

where  &  is  the  angular  frequency,  £[  (to)  and  £2(01)  are  the  real  and  imaginary  parts  of  the  total 
dielectric  function  for  the  T  valley,  respectively. 
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Using  density  matrix  approach,  the  optical  gain  with  photon  generated  in  the  direction 
perpendicular  to  the  surface  of  quantum  well  layers  is  given  as  [1 1) 


(A2) 


xL|E,(k)-E,(k)->)».]{r-[E^(k)]-r[£-,(*)]}dk 

where  mo  is  the  rest  mass  of  electron  and  Mb  is  the  optical  matrix.  Ep  and  are  the  pth-electron 
and  qth'hole  sub-band>edge  energy,  respectively,  V|/c  and  \^y  are  the  envelope  wavefunctions  for 
the  electrons  and  holes,  respectively.  L  is  the  Lorcntzian  broadening  factor  with  HWHM  of 
5meV  and  k  is  the  wavevector.  The  summation  in  (A2)  is  over  all  the  conduction  and  valence 
sub-bands  and  P(k)  is  the  TE-polarization  factor,  f*"  and  arc  the  quasi-Fermi  for  the  electrons 
in  the  conduction  and  valance  bands,  respectively. 

It  is  noted  from  our  calculation  that  at  a  particular  Lj  and  at  an  external  carrier  injection 
level,  N,  the  TE  net  optical  gain  spectrum  at  room  temperature  is  found  to  have  a  simple 
expression,  g(G))=aNln(N/No),  where  aN  is  the  fitted  parameter  and  No  is  the  carrier  concentration 
at  transparency.  The  parameters  aN  and  No  at  particular  frequency  vary  with  Lj  arc  given  in 
Table  I. 

The  carrier  induces  refractive  index  change.  An,  which  varies  with  the  background 
refractive  index  profile  of  active  region,  can  be  obtained  from  the  change  of  gain  coefficient, 
^g(®)=g(o))-go((o),  through  the  Kramers-Kronig  dispersion  relation  [10] 

An(oi)^-PVf^*“7dCD' 

^  '  (D  -© 


(A3) 


where  go(co)  is  the  optical  gain  at  transparency.  The  symbol  PV  stonds  for  the  Cauchy  principle 
value.  We  can  also  show  that  at  a  particular  Lj  the  relation  between  An  and  N  can  be  expressed 
as,  An=e  ln(N/Nr),  where  e  and  H  are  fitted  parameters  vary  with  L^j  and  also  given  in  Table  II. 
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Abstract 

InAs,,Pi.x/InP  (10  period  50/1 OOA  with  x=0.25-0.79)  pseudomorphically  strained  multiple  quantum  wells  (SMQWs) 
were  grown  by  gas  source  molecular  beam  expitaxy  (GSMBE)  at  470°C  and  characterized  by  cross-sectional 
transmission  electron  microscope  (XTEM),  double  crystal  x-ray  diffraction  (DCXRD),  and  optical  spectroscopy.  The 
structural  analysis  demonstrates  that  excellent  control  of  the  sharp  interface  and  limited  As-P  interdiffusion  can  be 
achieved  by  GSMBE  growth.  XTEM  images  of  these  SMQWs  display  no  misfit  dislocations,  and  DCXRD  scans 
reveal  high  order  superlattice  satellite  peaks.  Photoluminescence  (PL)  and  transmission  measurements  were 
performed  for  all  SMQWs  to  evaluate  crystal  quality.  Only  slight  degradation  in  luminescence  was  observed  as  the  As 
composition  increased.  Based  on  the  three-band  Kane  model  which  includes  the  lattice  strain,  the  transition  energies 
of  SMQWs  were  calculated  using  the  conduction-band  offset  (Qc=AEc/AEg)  as  an  adjustable  parameter.  The  best  fit  of 
measured  and  calculated  interband  transition  energies  suggests  that  Qc  is  independent  of  As  composition  and  is 
0.70±0.05.  Finally,  a  growth  kinetics  model  based  on  the  l^ngmuir  equation  was  derived  to  realize  the  As/P 
incorporation  ratio  in  the  InAsP  materials.  Theoretical  results  show  good  agreement  with  experimental  data. 

Introduction 


InAs,(Pi.x  ternary  compounds  have  a  number  of  advantages  over  GaxInj.xASyPuy  quaternary  materials:  1)  the 
fundamental  bandgap  of  this  material  is  the  same  as  GaInAsP[l]  2)  InAsP  quantum  wells  (QWs)  have  a  larger 
conduction  band  offset  compared  to  GalnAsP  QWs.[2-5]  This  large  conduction  band  discontinuity  can  reduce  the  hot 
electron  overflow  and  improve  the  temperature  characteristics  of  a  laser  diode  3)  The  composition  control  of  InAsP  is 
better  than  that  of  GalnAsP  and  the  growth  rate  is  governed  only  by  the  In  beam  flux  under  normal  growth  conditions 
(V/ni>l).  Thus,  InAsP  has  great  potential  for  opto-electronic  devices  operating  in  the  0.9- 1.5pm  range,  such  as 
lasers[4,6-9]  and  modulators[10-12].  However,  InAsP  has  received  less  attention  than  the  quaternary  GalnAsP 
system,  with  the  result  that  there  are  only  a  few  experimental  reports  on  the  material  parameters  of  the  InAsP  system. 

In  this  paper,  we  report  a  comprehensive  study  of  InAsP/InP  (10  period  50/lOOA  with  x=0.25-0.79) 
pseudomorphically  strained  multiple  quantum  well  (SMQWs)  grown  by  gas  source  MBE  (GSMBE).  The  crystal 
quality  of  InAsP/InP  SMQWs  were  characterized  by  double  crystal  x-ray  diffraction  (DCXRD),  cross-sectional 
transmission  electron  microscopy  (XTEM),  photoluminescence  (PL)  and  absorption  measurements.  The  band  offset 
ratio  of  InAsP/InP  heterostructures  with  arsenic  in  the  range  of  0.25-0.79  was  determined  by  analyzing  the 
transmission  spectra  of  InAsP/InP  MQWs.  Finally,  the  growth  kinetics,  derived  from  Langmuir’s  isotherm  model, 
were  used  to  correlate  the  As/  P  incorporation  behavior  with  the  flow  rate  of  group  V  sources. 

Experimental  Details 

Epitaxial  growth  was  performed  in  a  modified  Perkin-Elmer  430P  GSMBE/CBE  system.  The  growth 
chamber  was  equipped  with  a  5000  Us  cryopump  and  a  2200  Us  turbomolecular  pump.  Cracked  AsHj  and  PHj  (100%) 
were  used  as  the  group  V  sources,  while  elemental  solid  source  effusion  cells  were  used  for  the  group  HI  sources.  The 
operating  temperature  of  the  cracker  was  950-1 100°C  for  maximum  As2:As4  and  P2:P4  ratios.  All  InASxPi-x/InP 
SMQWs  in  this  studies  were  grow  on  InP  SI  substrates  at  470‘’C  and  the  AsHa  flow  rate  was  varied  from  0.3  to  1.2 
seem  (0.3,  0.6,  0.9,  1.2  seem  for  samples  A,  B,  C  and  D,  respectively)  while  the  PHj  flow  rate  was  kept  constant  (3 
seem).  The  source  switching  sequence  InP/InAsP  was:  1  sec  for  ASH3  introduction  time,  20  sec  for  AsHj  residual 
source  evacuation  time  (RSE).  The  critical  number  (before  being  relaxed)  for  InAsP/InP  SMQW  is  25>n>20  for  75A 
InAso  wPo.seand  -15  for  50A  InAso.79Po.21  at  a  growth  temperature  of  470®C[13]. 
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Fig,  1  (a)-(d)  Experimental  and  simulated  double  crystal  x-ray  rocldng  cunre  of  10  period  InAs,P|.,/IiiP 
SMQW.  Simulated  spectrum  using  a  two<4ayer  model  of  the  dynamical  theory. 


A  Phillips  x-ray  diffracUometer  with  double  crystal  geometry  was  used  to  measure  the  (004)  rocking  curve  of  each 
sample.  The  cross-sectional  transmission  electron  microscopy  (XTEM)  micrograghs  were  taken  by  a  Hitachi  H800 
electron  microscope  operated  at  200k V.  ntotoluminescence  measurements  were  taken  at  300K  using  the  5 145 A  line 
of  an  argon-ion  laser  as  excitation  source  and  detection  with  a  LN2  cooled  Ge  detector  used  in  a  lock-in  configuration. 
All  transmission  spectra  were  taken  in  a  surface  normal  configuration  at  room  temperature  with  a  tungsten-halogen 
lamp  and  monochromator  combination  used  as  the  light  source. 

Results  and  Discussion 


I.  Microstructure  characterization 

Fig  l-4(a)  shows  the  x-ray  rocking  curve  taken  for  all  samples.  Satellite  peaks  from  diffraction  of  all  of  the 
SMQW’s  can  be  observed  up  to  the  5lh-7th  order,  demonstrating  excellent  periodicity  and  crystalline  quality.  A 
simulation  of  experimental  data,  shown  in  Fig  I -4(b),  was  performed  by  means  of  the  dynamical  theory!  14],  The  best 
fit  of  the  well  and  barrier  thickness  listed  in  table  I  are  in  good  agreement  with  the  nominal  values  S(V200A.  The  As 
concentration  in  the  InAsP  well  was  measured  using  the  out  of  plane  strain  (e^)  listed  in  table  I.  Compared  with 
simulation  results,  the  slight  broadening  of  the  actual  rocking  curve  may  be  attributed  to  As  carryover  into  the  InP 
layer  at  the  interface  during  the  growth  interruption. 
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A  cross-sectional 

transmission  electron  microscopy 
image  taken  from  sample  D 
(strain~2.6%)  is  shown  in  Fig.  2. 
The  layer  thickness  deduced  from 
the  DXCRD  spectrum  of  all 
samples  agree  with  the 
corresponding  TEM  measurements. 
TEM  measurements  were 
performed  on  all  samples  and  show 
that  the  structures  are  free  of 
dislocations  and  are  clearly  defined 
for  both  normal  (InAsP  on  InP)  and 
inverted  (InP  on  InAsP)  interfaces. 
The  TEM  micrographs  also  verified 
that  the  As-P  interdiffusion  at  the 
InAsP/InP  interface  is  limited  to 
1~2  ML  even  for  strain  up  to  2.6  % 
(sample  D).  Tweet  et  <3/.[15] 
observed  a  strong  strain-enhanced 
As-P  interdiffusion  at  the 
InAsP/InP  interface  for  MOCVD 
grown  materials.  As  the  strain 
increases,  an  unusual  island  growth 
mode  begins  to  appear. 
Furthermore,  These  islands 
penetrate  deeply  into  the  substrate, 
resulting  in  phase 

separation[15,16].  In  our  materials, 
the  As-P  interdiffusion  at  both 
normal  and  inverted  interfaces  is 
limited  which  can  be  attribute  to  the 
relatively  low  growth  temperature 
for  GSMBE  (~470'’C)  compared 
with  MOCVD  (-600  °C).  Thus, 
GSMBE  or  CBE  could  be  more 
suitable  growth  technique  than 
MOCVD  in  the  growth  of  highly- 
strained  InAsxPi-x  materials  on  InP. 


Fig.  2  Cross-sectional  TEM  image  of  InAsP/InP  strained  MQWs, 
show  that  the  structures  are  free  of  dislocations  and  are  limited 
interdiffusion  for  both  normal  (InAsP  grown  on  InP)  and  inverted 
(InP  grown  on  InAsP)  interfaces. 


n.  Photoluminescence  and  Absorption  Measurements 


(1)  Photoluminescence 

Fig.  3  shows  PL  curves  for  samples  A  to  D.  Intense,  sharp  excitonic  transition  range  form  l.l  to  1.6  pm  were 
observed  for  all  SMQW  samples.  Only  a  slight  degradation  in  PL  efficiency  was  observed  with  increasing  As 
composition.  A  small  increase  in  linewidth  of  these  excitonic  emissions  was  also  observed  with  increasing  As 
composition  from  35  to  45  meV  which  was  attributed  to  the  increase  in  strain[17].  The  excellent  PL  efficiency  as  well 
as  sharp  excitonic  peaks  indicate  high  quality  GSMBE  grown  MQWs  which  are  suitable  for  1.1 -1.6  )im 
optoelectronic  applications. 
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(2)  Absofption  measurements  and  band  off¬ 
set 


Fig.  4  (aHd)  shows  iow  temperature 
absorption  spectra  for  samples  A  to  D.  The 
notation  nC-mH(L)  is  used  to  indicate  the 
transitions  related  to  the  n*^  conduction  and 
m*  valence  heavy  (light)  hole  subbands. 
Sharp  excitonic  transitions  up  to  3C-3H  were 
observed  below  the  InP  continuum  edge. 
Both  allowed,  An=0,  and  dipole* 
forbidden/parity-allowed  transitions,  An=2, 
can  be  resolved  in  the  spectrum.  The 
experimental  absorption  spectra  were  used  to 
extract  the  energies  of  the  excitonic  transition 
peaks  and  the  exciton  binding  energy  of  the 
IC~IH  transitions.  The  IC~IH  excitonic 
resonances  were  fitted  by  using  Gaussian  line 
shiqges.  The  continuum  of  the  quantum  well 
density  of  states  was  simulated  using  a  step 
function  with  the  same  Gaussian  broadening 
function  used  to  reproduce  the  exciton 
absorption  feature,  with  the  inclusion  of  the 
Coulomb  enhancement  factor  at  the 
edge[18].  The  binding  energy  for  different  samples  was  obtained  from  the  energy  separation  between  the  Gaussian 
absorption  feature  and  the  broadened  continuum  edge  and  the  data  are  listed  in  ubie  I. 

A  three  band  model  [19,20]  was  used  to  calculate  the  strained  quantum-well  transition  energies  at  k=0, 
with  the  band-offset  value  used  as  a  fitted  parameter.  The  input  parametos  included  the  well  (InAsP)  and  barrio-  (InP) 
thickness  as  well  as  the  composition  of  InAsP,  which  was  determined  by  rocking  curve  simulation  and  TEM 
measurements.  The  material  parameters  for  InAsP  were  obtained  by  linear  interpolation  of  the  parameters  for  InAs 
and  InP,  except  for  the  deformation  potentials  and  the  unstrained  InAs,P|.„  bandgap  and  the  spin-orbit  splitting.  The 
material  parameters  used  for  InAs  and  InP  and  the  interpolation  formulas  used  for  InAs,P|..  are  from  reference  [21- 
22].  The  best  fit  suggest  conduction  band  offset  ratio  (Qc)  of  0.7.  The  uncertainty  in  our  experimental  value  of  Qc  lies 
in  both  the  experimental  accuracy  and  theoretical  model.  The  theoretical  uncertainity  originates  from  the  unknown 
temperature  dependent  stiffness  tensor  and  deformation  potentials  for  InAsP.  The  uncertainties  in  the  composition  and 
thickness  in  QW  region  can  also  complicate  the  analysis.  Thus  the  accuracy  of  is  estimated  to  be  within  ±O.OS. 
Nevertheless,  our  results  show  excellent  agreement  between  the  experimental  and  theoretically  determined  value.  The 
largest  deviation  between  the  experimental  and  the  calculated  energy  is  5  meV,  but  most  deviations  from  experimental 
data  are  less  which  gives  us  confidence  in  our  assignments. 
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^elei«th(A) 


Fig.  3(a)-(d).  300K  PL  spcctm  of  the  InAsP/InP  MQWs. 


Fig.  4(a)-<d)  Low  tcnpcratiire 
aboorptioii  qrcctra  of  the  InAsP/InP 
MQWs.  The  notetkHi  mC-HH(L)  Is 
used  to  Indicate  the  tranritioiis  related 
to  the  mtli  conduction  and  nth  valence 
heavy  (Ught)  bole  sobbands.  Vertical 
bars  indicate  dw  calculated  transitioa 
eneixies. 
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TABLE  I.  Parameters  extracted  from  the  x-ray  dynamical  theory  and  absorption  measurements 


sample  # 

As  composition 

well/barrier  thickness 

exciton  binding  energy 

A 

52/200  A 

lOmeV 

B 

0.45 

50/200  A 

11  meV 

C 

0.64 

49/200  A 

11.5  meV 

D 

0.79 

51/200  A 

11.8  meV 

in.  Kinetics  of  As/P  incorporation  in  InAs^Pi., 

In  GSMBE,  the  growth  rate  and  composition  may  be  controlled  by  three  steps,  1)  beam  flux,  2)  absorption 
and  desorption  ,  and  3)  surface  reactions.  For  mixed  group  V  ternary  compound  such  as  GaAsP,  InAsP  or  quaternary 
GalnAsP,  although  the  growth  rate  is  controlled  by  the  group  III  beam  flux,  the  composition  is  affected  by  surface 
reactions  between  group  III  atoms  and  group  V  species  and  adsorption  and  desorption  of  group  V  species  on  the 
growth  surface.  This  means  that  there  is  a  competition  between  As  and  P  incorporation  during  the  growth  of  InAsP, 
GaAsP  or  GalnAsP.  Here  we  will  use  the  simple  kinetic  model  to  explain  the  As  and  P  incorporation  behavior  in 
InAsP  grown  on  InP[23].  In  this  model,  the  solid  composition  ratio  of  P/As  in  InAsxPi-x  can  be  solved  analytically: 


where  fAs  and  fp  are  the  flow  rates  of  AsHs  and  PH3  in  SCCM.  fi„  is  the  In  flux  rate  in  ML/s(0.7 1 6  ML/s  in  this  study), 
and  m  is  the  flux  rate  to  flow  rate  conversion  factor  which  has  the  value  1.5  (determined  by  RHEED  oscillation).  The 
only  fitted  parameters  is  k,  which  describes  the  influence  between  the  desorption  time  constant  and  the  reaction  rate 
constants  of  As  and  P  monomers  with  In  adtoms.  Therefore,  k  can  be  a  good  indicator  for  the  reactive  incorporation 
ability  of  As  and  P. 

Fig.  5  shows  the  experimental  and  simulated  arsenic  solid  composition  as  a  function  of  ASH3  flow  rate.  Solid 
squares  were  obtained  from  DCXRD  measurement,  while  the  open  circles  were  inferred  from  secondary  ion  mass 
spectrometry(SIMS)  depth  profiling.  The  best  fit  to  the  experimental  results  gives  k=42  which  implies  that  the 
incorporating  probability  of  As  atoms  on  the  surface  migration  state  is  42  times  larger  than  that  of  P  atoms.  As  shown 
in  Fig.  5,  the  As  concentration  in  the  epitaxial  solid  phase  is  much  greater  than  the  ASH3/  PH3  flow-rate  ratio.  With  the 
k  factor  determined,  we  can  predict  the  solid  composition  of 
InAsP  for  various  ASH3  and  PH3  flow  rates. 


Conclusion 

In  conclusion,  high  quality  InAsP  /InP  SMQW 
structures  were  grown  by  GSMBE  at  470‘’C  and  characterized 
by  DCXRD,  XTEM,  PL  and  absorption  measurements.  The 
band  offset  ratio  (Qc=0.70±0.05)  of  InASxPi-x/InP 
heterostructures  with  x=0.25~0.79  were  obtained  by  analyzing 
the  absorption  spectra  and  determined  to  be  independent  of  the 
As  composition.  Finally,  the  As  and  P  incorporation  behavior 
for  GSMBE  grown  InASxPj.x  is  successfully  explained  using 
kinetic  model.  The  solid  compositions  of  InAsxPi.x  can  be 
accurately  controlled  by  adjusting  the  gas  flow  rate. 
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1,5  (ini  Ino.53Alo.i4Gao.33As/Ino,52Alo.48As  DISTRIBUTED  BRAGG  REFLECTOR  AND 
SINGLE  CAVITY  ACTIVE  LAYER  GROWN  WITH  IN-SITU  DOUBLE  BEAM 
LASER  REFLECTOMETRY 

Jong-Hyeob  Baek,  Bun  Lee,  Jin  Hong  Lee,  Won  Seok  Han*,  and  El-Hang  Lee, 

Electronics  and  Telecommunications  Research  Institute, 

Yusong  P.O.  BOX  106,Taejon  305-600,  Republic  of  Korea 

*Physics  Department,  Chungnam  National  University,  Taejon  305-600,  Republic  of  Korea 
ABSTRACT 

We  report  the  highly  reflecting  (>99.9%)  Ino.53Alo.i4Gao33As/Ino.52Alo,48As  30.5  pairs 
distributed  Bragg  reflector  (DBR)  and  the  Ino,53Gao.47As/  Ino.52Alo.48As  active  cavity  layer  grown 
at  high  temperature  by  low  pressure  metal  organic  chemical  vapor  deposition  with  in-situ  double 
beam  laser  reflectometry.  One  of  the  laser  wavelengths  selected  for  in-situ  measurement  was 
same  as  the  DBR  wavelength.  The  growth  temperature  was  750  °C.  Good  surface  morphology 
of  the  multi-layer  stacks  was  achieved  by  the  temperature  ramping  of  the  InP  buffer  layer  at  the 
beginning  of  a  multi-layer  stacks.  The  width  of  stop  band  edge  of  the  DBR  reflectivity  spectrum 
was  found  to  be  1000 A. 

INTRODUCTION 

There  has  been  growing  interest  in  vertical  cavity  surface  emitting  lasers  (VCSEL) 
due  to  the  many  advantages  that  surface  emitting  geometry  holds  over  edge  emitting  geometry. 
These  include  the  ease  of  fabrication  of  integrated  laser  arrays,  wafer  scale  testing,  self  aligned 
optical  fiber  coupling,  and  chip-to-chip  communication  via  micro-optic  components.  For  high  bit 
rate  optical  fiber  transmission,  1.3  -  1.55  }j,m  emission  is  desired  due  to  the  low  loss  and  small 
dispersion  penalty.  Operating  wavelengths  have  been  primarily  limited  to  the  near-infrared  (NIR) 
owing  to  the  materials  used.  Extension  to  longer  wavelengths  (near  1.55  pm),  for  long  distance 
telecommunication  applications,  has  been  achieved  with  InGaAsP/InP  heterostructures.®  Many 
reports  have  been  published  concerning  heterostructures  of  AlAsSb/GaAsSb'*, 
AlAsSb/InGaAsP\  and  InAlGaAs/InP^  for  Bragg  reflector  tuned  at  1.55  pm,  but  the  relatively 
low  contrast  in  refractive  indices  of  these  system  (An  ~  0.3)  ,  as  compared  to  GaAs/AlGaAs  (An 
~  0.6),  leads  to  very  thick  structural  layers.  Hence  the  fused  technology  was  proposed  to 
overcome  this  problem  by  making  mirrors  with  other  materials  and  fusing  them  to  the  cavity.® 
Nevertheless,  up  to  now,  no  practical  VCSEL  has  been  realized  continuously  operated  at  a 
wavelength  of  1.55  pm  at  room  temperature  due  to  several  physical  and  technological 
difficulties.  In  this  work,  we  report  a  highly  reflecting  (>99.9%)  InAlGaAs/InAlAs  distributed 
Bragg  reflector  (DBR),  lattice  matched  to  InP  tuned  at  1.5  pm,  grown  by  low  pressure  metal- 
organic  chemical  vapor  deposition.  The  highly  reflecting  DBR  layer  is  followed  by  an 
InGaAs/InAlAs  multiple  quantum  well  as  a  cavity  layer  emitting  at  a  wavelength  of  1.5  pm.  The 
heterostructure  of  Ino.53Alo.14Gao.33As/Ino  52 Alo.48As  (An  ~  0.4)  has  an  applicable  advantage  as 
compared  with  the  other  materials  mentioned  above.  The  VCSEL  fabricated  with  this 
heterostructure  can  be  fabricated  as  an  uncooled  laser  continuously  operated  at  room 
temperature  because  the  structure  has  an  excellent  electron  confinement.  However,  a  previously 
reported  Ino.52Alo.48As  epitaxial  layer  grown  at  optimal  growth  temperature®  showed  anomalous 
optical  behavior  due  to  the  ordering  or  phase  separation.^®  To  prevent  similar  effects  in  this 
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work,  the  growth  temperature  of  the  Bragg  reflector  layer  and  subsequently  grown  cavity  layer 
was  raised  to  750  “C.  In-situ  double  beam  laser  reflectometry  was  employed  to  determine  the 
growth  rate  of  the  epitaxial  layer  in  real  time.  The  laser  reflectometry  technique  has  been 
successfully  applied  as  an  in-situ  growth  monitoring  tool  for  MOCVD  grown  AlAs/GaAs  Bragg 
reflectors  by  measuring  the  oscillatory  signals  of  buffer  layers  at  the  beginning  of  a  run."  A 
diode  laser  operating  at  1.5  pm  was  used  so  that  quarter  wavelength  optical  thickness  of  each 
layer  could  be  directly  determined  in  real  time  without  previous  measurement  of  thickness. 

EXPERIMENT 

The  epitaxial  layer  of  Ino.53 Al©  uGaoja As/In©  j2Alo,4*As  Bragg  reflector  including  cavity 
layer  was  grown  in  a  vertical  flow,  low  pressure  (20  torr)  MOCVD  chamber.  Trimethylindium 
(TMIn),  Trimethylaluminum  (TMAl),  and  Trimethylgallium  (TEGa)  were  used  as  a  metal- 
organic  precursor.  100%  Pure  gas  of  arsine  (AsHa),  phosphin  (PHa)  were  used  as  hydride 
sources.  The  growth  temperature  of  the  multi-layer  stacks  was  750  ®C  and  the  V/III  ratio  was 
about  80.  The  layers  were  grown  on  a  (100)  Fe-doped  InP  substrate  rotating  at  a  speed  of  1400 
rpm.  All  the  layers  were  undoped.  Figure  1  shows  a  structural  diagram  of  the  multi-layer  stacks. 
The  grown  structure  consists  of  an  initial  0.3  pm  undoped  InP  buffer  layer  followed  by  0.5  pm 


In©  saGa©  47 As/  In©  52AI0  4*As  3QW 
cavity  layer 


In©  sjAl©  4sAs/  In©  saAl©  1 4Gao  3  jAs  30, 5  pairs  DBR 


Inos2Alo4sAs  buffer  layer 
ItiosaAlouGaojaAs  buffer  layer 


Figure  1 .  Layer  sequence  for  the  1 .5  pm  Ino.32Alo.41As/  In©  sa Al©  nGao  aaAs  30  5 
pairs  DBR  and  cavity  aaive  layer  grown  on  the  InP  substrate. 

Ino.saAlo.uGao.aaAs  and  Ino,52Alo,48As  buffer  layers.  The  Bragg  reflector  and  cavity  layers  were 
subsequently  grown  on  the  two  buffer  layers.  During  the  growth  of  In©  5a Alo  uGaoaaAs  and 
Ino.32Alo.48As  buflfer  layers,  the  growth  rate  of  each  layer  was  determined  by  in-situ  laser 
refleaometry.  We  used  two  different  wavelength  laser  beams:  One  was  5  mW  He-Ne  laser 
operating  at  0,633  pm  and  the  other  was  2  mW  diode  laser  operating  at  1.5  pm,  and  they  were 
detected  by  Si  and  Ge  photovoltaic  detectors,  respectively.  Two  laser  beams  were 
simultaneously  entered  and  exited  the  reactor  chamber,  at  an  angle  of  71°  with  respect  to  the 
substrate  surface  normal,  through  optical  ports,  which  remained  clear  during  the  epitaxial 
growth.  To  avoid  the  effects  of  laser  power  fluctuations,  the  intensity  of  the  reflected  beams  was 
normalized  to  the  intensity  of  a  laser  beam  that  was  split  by  a  1 ;  I  beam  splitter  located  in  front 
of  the  laser.  Only  the  S-polarized  laser  beam  (TE  mode)  was  injected  to  the  growth  chamber 
through  polarizing  filter.  The  period  of  a  complete  oscillatory  signal,  Tp,  is  given  by  V2iWiG, 
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where  Xi  is  the  wavelength  of  the  laser  i,  neff  is  the  effective  index  of  refraction  of  the  layer, 
which  takes  into  account  the  growth  temperature  and  71®  incidence  angle,  and  G  is  the  epitaxial 
growth  rate.  We  determined  the  quarter  wavelength  optical  thickness  (X,/4)  of  the  Bragg 
reflector  by  using  a  diode  laser  operating  at  1.5  ^im.  The  optical  thickness  of  each  layer  {X/4)  is 
given  by  (tg  Tp/  2),  where  tg  is  the  growth  rate  and  Tp  is  the  period  of  the  oscillatory  reflectance 
signal  by  1.5  pm  diode  laser.  The  photoluminescence  of  the  Ino.53Gao,47As/  Ino.52Alo.48As  cavity 
active  layer  was  measured  at  room  temperature  by  using  an  Ar^  ion  laser. 

RESULTS  AND  DISCUSSION 

Epitaxial  growth  of  buffer.  Brage  reflector  and  cavity  layer 

The  Ino  52Alo.48As/Ino.53Alo.i4Gao  33As  buffer  layers  were  grown  prior  to  growth  of  the 
DBR  layer  to  determine  the  growth  rate  by  in-situ  laser  reflectometry.  In  order  to  obtain  the 
good  surface  morphology  of  the  Ino.52Alo  48As/Ino.53Alo.i4Gao,33As  at  a  temperature  of  750  °C,  a 
high  quality  InP  buffer  layer  is  essential.  An  InP  buffer  layer  with  good  surface  morphology  was 
achieved  by  a  temperature  ramping  technique.  The  initial  growth  temperature  was  500  ®C  and 
the  temperature  was  slowly  increased  to  750  ®C  at  a  rate  of  0.4  °C/second.  As  soon  as  the 
temperature  reached  to  750  °C,  the  Ino.53Alo.i4Gao  33As  buffer  layer  was  subsequently  grown  after 
a  PH3  purge.  The  Ino.52Alo  48As  buffer  layer  was  grown  on  the  Ino.s3Alo.14Gao.33 As  layer  after  an 
AsHs  purge  due  to  the  arsenide  surface.  The  optimal  PH3  and  ASH3  purge  times  were  3  seconds 
in  both  cases.  Then  the  quarter  wavelength  DBR  layer  was  grown  after  growth  of  ternary  and 
quartemary  buffer  layers  with  an  ASH3  purge  at  each  interface.  We  had  previously  decided  the 
A1  composition  of  the  InAlGaAs  layer  lattice  matched  to  InP  should  be  14  %  in  order  to  avoid 
the  absorption  at  the  stop  band  edge  of  the  Bragg  reflector.  The  A1  composition  was  measured 
by  Rutherford  backscattering  spectroscopy  (RBS).  The  band  edge  of  the  Ino.53Alo.i4Gao33As 
layer  measured  by  the  room  temperature  photoluminescence  (PL)  was  found  to  be  1.46  ^im.  The 
active  cavity  layer  consists  of  3  quantum  wells  of  Ino.s3Gao.47As  of  100  A  thickness  with  barrier 
layers  of  Ino  52AI0.48AS  of  200  A  thickness.  The  quarter  wavelength  thickness  (X/4)  of  the  Bragg 
reflector  for  the  1.5  |j.m  wavelength  can  be  determined  by  in-situ  laser  reflectometry. 

In-situ  laser  reflectometry 

Figure  2  shows  the  in-situ  oscillatory  signal  of  the  reflection  intensity  of  the 
Ino.52Alo.48As/Ino.53Alo.14Gao.33 As  buffer  layer  and  subsequently  grown  DBR  layer  without  cavity 
layer  as  a  function  of  the  growth  time,  simultaneously  monitored  by  0.633  pm  and  1.5  pm 
lasers.  The  reflection  intensity  is  in  arbitrary  units  and  has  been  controlled  with  a  bias  voltage 
applied  to  the  photodetector.  We  previously  reported  the  detailed  technique  of  the  double  beam 
laser  reflectometric  method. During  growth  of  Ino.53Alo.i4Gao33As  and  Ino.52Alo.48As  buffer 
layers,  the  period  of  the  oscillatory  signal  (T)  for  each  laser  is  determined,  Since  the  wavelength 
of  the  diode  laser  (1.5  pm)  corresponds  to  the  designed  wavelength  of  the  DBR,  we  can  directly 
determine  the  growth  time  of  each  layer  for  DBR  structure  as  Ti/2  and  T2/2,  where  Ti  and  T2 
are  oscillation  periods  for  the  Ino.53Alo.14Gao.33 As  and  Ino.52Alo.48 As  buffer  layer,  respectively. 
The  thickness  of  the  alternative  multi-stack  layer  corresponds  to  the  quarter  wavelength  optical 
thickness  of  the  layer  at  the  laser  wavelength.  If  the  refractive  index  of  the  layer  at  one 
wavelength  laser  is  known,  the  refractive  indices  of  the  layer  at  other  laser  wavelength  can  be 
determined  as  follow ; 
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Figure  2.  In-situ  oscillatory  reflectance  signal  of  the 
Ino.52Alo,48As/Ino,33Alo.uGao.33As  buffer  layer  and  subsequently  grown  DBR 
layer  on  InP  substrate  as  a  function  of  the  growth  time  by  two  lasers 


X2 

G  =  -  =  -  ,  (1) 

2ni,effTi  2  n2,effT2 

where  G  is  the  growth  rate  of  the  layer  and  Xi  and  X2  are  laser  wavelengths.  During  growth  of 
the  DBR  layer  in  this  work,  the  oscillation  period  at  the  0.633  pm  was  more  than  two  times 
larger  than  that  at  the  1.5  pm  wavelength.  Since  the  complete  oscillation  period  could  be 
determined  using  0.633  pm  in  this  case,  we  could  confirm  the  real  thickness  of  the  alternative 
multi-stack  layer  by  using  equation  (1).  As  is  shown  in  Figure  1,  the  reflection  intensity 
monitored  by  1.5  pm  reached  plateau  after  the  growth  of  25  periods  of  DBR  layer,  indicating  a 
reflectivity  of  unity. 

Reflectivity  and  photoluminescence  measurement 

The  reflectivity  of  the  30.5  pairs  Ino.32Alo.48As/Ino.33Alo14Gao.33 As  DBR  layer  grown  on 
the  ternary  and  quaternary  buffer  layers  without  an  active  cavity  layer  is  shown  in  Figure  3(a). 
Since  the  reflectivity  of  the  DBR  layer  was  so  high  that  no  effect  was  observed  on  the 
reflectivity  of  the  DBR  layer  by  growth  of  buffer  layers  of  Ino.33Alo  i4Gao.33As  and  Ino  32AI0  4sAs. 
The  reflectivity  has  been  calibrated  using  a  gold  mirror  The  DBR  structure  showed  a  maximum 
reflectivity  of  more  than  99.9  %  at  1.56  pm  and  the  width  of  stop  band  was  found  to  be  about 
1000  A.  A  shift  fi-om  the  design  wavelength  (1.5  pm)  determined  by  the  half  period  of  the 
oscillatory  signal  from  the  1.5  pm  laser  is  presumably  due  to  the  changes  in  reft^ive  indices 
between  growth  temperature  room  temperature.  Since  the  effective  index  of  reflection  at  growth 
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Figure  3(a).  Reflectivity  spectrum  of  the 
Ino.53Alo.14Gao.33 As  and  Ino.52Alo.48As  30.5 
pairs  DBR  structure. 


■vravelength  (A) 


Figure  3(b).  Photoluminescence  spectra 
of  a  Ino.53Gao,47As/  Ino.52Alo.48As  3QW 
cavity  layer  grown  on  DBR  layer 


temperature  and  incident  angle  is  larger  than  that  at  the  room  temperature,  the  reflectivity 
spectrum  which  is  measured  at  room  temperature  shifted  to  the  longer  wavelength  position. 
Figure  3(b)  shows  the  photoluminescence  spectrum  of  the  Ino.53Gao.47 As  3  quantum  wells  each  - 
of  100  A  thickness  with  barrier  layers  of  Ino.52Alo.48As  of  200  A  thickness  subsequently  grown 
on  a  DBR  layer.  The  peak  position  is  correlated  with  the  stop  band  structures  of  DBR  and  the 
cavity  length  of  active  quantum  wells.  The  peak  intensity  is  extremely  strong  due  to  the  presence 
of  the  DBR  layer,  which  reflects  the  emission  peak  within  the  stop  band  towards  the  active  layer. 

CONCLUSIONS 


A  highly  reflecting  (>99.9  %)  DBR  of  30.5  pairs  Ino.52Alo.48As/Ino.53Alo.14Gao  33 As  lattice 
matched  to  an  InP  substrate  and  operating  at  1.5  pm  was  grown  by  low  pressure  metal  organic 
chemical  vapor  deposition.  The  quarter  wavelength  optical  thickness  (^74)  of  the  DBR  layer  was 
determined  by  in-situ  laser  reflectometry  with  a  laser  of  equal  wavelength.  A  high  quality  InP 
buffer  layer  was  achieved  by  temperature  ramping  technique.  The  reflection  spectrum  of  the 
DBR  structure  showed  a  maximum  reflectivity  at  1.56  pm  and  the  width  of  the  stop  band  was 
found  to  be  1000  A. 
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STARK  SHIFT  AND  FIELD  INDUCED  TUNNELING 
IN  DOPED  QUANTUM  WELLS 
WITH  ARBITRARY  POTENTIAL  PROFILES 

S.  PANDA,  B.  K.  PANDA,  S.  FUNG  and  C.  D.  BELING 
Department  of  Physics,  The  University  of  Hong  Kong,  Hong  Kong 

ABSTRACT 

The  energies  and  resonance  widths  of  single  doped  quantum  wells  consisting  of  Al- 
GaAs/GaAs  with  rectangular  and  annealing  induced  diffusion  modified  shapes  are  calcu¬ 
lated  under  an  uniform  electric  field  using  the  stabilization  method.  The  electronic  struc¬ 
ture  is  calculated  without  an  electric  field  in  the  finite  temperature  density  functional 
theory  with  exchange- correlation  potential  treated  in  the  local  density  approximation. 
Our  scheme  for  solving  the  Schrodinger  and  Poisson  equations  is  based  on  the  Fourier 
series  method.  The  electric  field  is  added  to  the  self-consistent  potential  and  energies  are 
obtained  as  a  function  of  the  combined  width  of  the  well  and  barriers.  This  yields  us 
the  stabilization  graph  from  which  the  energies  and  resonance  widths  at  different  field 
strengths  are  extracted  using  the  Fermi  Golden  rule. 

INTRODUCTION 

There  has  been  growing  interest  in  using  quantum  wells  (QWs)  for  optoelectronic 
device  applications  such  as  quantum  well  lasers,  infrared  detectors,  wave  guides  and  mod¬ 
ulation  doped  field  effect  transistors^’^.  The  details  of  the  electronic  structures  of  the 
subband  levels  under  the  uniform  electric  field  are  necessary  to  understand  the  device  per¬ 
formance.  In  an  undoped  sample  the  electronic  structure  of  the  subbands  are  described 
in  the  single  particle  picture  where  electron  wave  functions  and  the  energy  levels  are  com¬ 
pletely  decided  by  the  barrier  height  and  the  well  width.  In  a  modulation  doped  QW 
the  electrons  flow  from  the  barrier  region  into  the  well  to  bring  the  system  to  equilib¬ 
rium.  As  a  result  of  the  higher  density  of  electrons  in  the  well,  the  Coulomb  interaction 
between  electrons  becomes  very  important  needing  a  complete  many-body  approach  to 
this  problem.  In  this  case  the  subband  energies  and  wave  functions  are  dependent  on  the 
two-dimensional  electron  density  and  temperature. 

Density  functional  theory  (DFT)  is  a  popular  scheme  for  solving  many-body  prob¬ 
lem.  In  this  method  the  ground-state  property  of  interacting  electrons  is  determined  by 
its  charge  density®.  The  many-body  effects  are  taken  in  the  exchange- correlation  poten¬ 
tial  treated  in  the  local  density  approximation  (LDA).  The  single  paxticle  energies  and 
wavefunctions  are  calculated  using  self-consistent  Kohn-Sham  equations®.  This  method 
has  been  applied  to  get  energies  and  wave  functions  in  the  modulation  doped  rectangular 
QW^.  However,  the  effect  of  the  electric  field  on  the  electron  subband  energies  and  wave 
functions  has  not  been  addressed.  A  suitable  method  of  extracting  the  mean  tunneling 
times  of  the  electrons  under  the  applied  electric  field  is  not  yet  formulated.  This  paper 
attempts  to  use  Fourier  series  technique®  for  the  calculation  of  the  energies,  wave  functions 
and  mean  tunneling  lifetimes  in  the  modulation  doped  rectangular  and  annealing  induced 
diffusion  modified  QWs.  For  simplicity  the  conduction  band  shift  due  to  the  strain  effect, 
nonparabolicity,  depolarisation  and  exciton  shifts^  are  not  considered  in  this  work. 

THEORY 

The  self-consistent  Kohn-Sham  equation  for  calculating  the  energy  and  wave  func¬ 
tion  within  the  effective  mass  approximation  in  the  Rydberg  unit  mo=0.5 
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(1) 


and  e^=2)  is  given  by 

d 


1 


2  dz  m*{z)  dz 
The  effective  potential  (K//)  is  given  by 

Vefjiz)  =  Vqw{z)  +  VHiz)  +  Vxciz) 


^n(^)  =  £:n^nU-) 


(2) 


where  Vqw ,  Vh  ajfid  Vxc  are  the  quantum  confined  potential,  the  Hartree  potential  and 
the  exchange-correlation  potential  respectively.  The  Hartree  potential  is  obtained  from 
the  Poisson  equation 

'^^r{2)-^VH{z)  =  47reV(^)  (3) 

where  tr{z)  is  the  relative  dielectric  constant  eJong  the  2-direction  and  p{z)  =  [n(2)  - 
N^{z)]  with  n(2)  and  N^{z)  as  the  carrier  density  and  the  ionised  dopant  density  respec¬ 
tively.  The  carrier  charge  density  at  some  finite  temperature  is  given  as 

=  (4) 

n=l 

where  p  is  the  chemical  potential.  Integrating  Eqn.  (3)  twice  we  obtain  the  Hartree 
potential  as 

l-Z  I  /  fZ' 

(5) 


The  boundary  condition  in  this  equation  is  that  Vjf/(±oo)  =  0.  The  zero  temperature 
exchange-correlation  potential  LDA  using  pEU'ametrised  form  of  Hedin  and 

Lundqvist®  is  given  by 


”  ”2 


■  9  ■ 

47r2 

r. 

1  + 


where  r,  =  [3/47ra§(2)n(2)] 00(2)  =  tr{z)/m*{z)  and  Ry  =  m*{z)lei{z)  with  m*  - 
m* /mo  The  temperature  is  incorporated  into  the  V^c{z)  through^ 


Vxc{z) 


"  ivjfc(-) 


7  <0.15; 


[1  +  (airj  +  61  r,  -f-  ci)7V(«IrJ  +  &!  +  7'")] ,  0.15  <  7  <  12. 


(7) 


where  7  =  IcbT/p,  oi=-0.00388,  61  =0.04544,  ci  =-0.443,  aj  =1.5460,  6^=0.7023, 
e  =2.04258  and  d  =1.80518.  The  chemical  potential(/i)  is  obtained  from  the  charge  neu¬ 
trality  and  depletion  approximation  conditions^. 

We  have  adopted  the  Fourier  series  method  to  solve  the  Kohn-Shara  equation  to 
obtain  energies  and  envelope  functions.  Since  the  envelope  function  is  a  continuous 

function  of  2,  it  can  be  expanded  into  a  truncated  Fourier  series  of  the  form 


(8) 
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where  j  =  and  d  is  the  total  length  obtained  by  combining  the  width  of  the  QW  and 
barriers.  Similarly  Veff{z)  and  l/m*{z)  and  eFz  are  expanded  in  terms  of  the  Fourier 
Series  with  coefficients  Veff{k),  m(^k)  and  f{k)  respectively.  In  terms  of  these  coefficients 
the  Eqn.(l)  is  derived  as 


m{k  —  i)ik  Vej j  {k  —  i)  +  f{k 


Cn{i)  =  EnCn(k) 


(9) 


The  calculation  of  the  chemical  potential  under  the  applied  electric  field  is  a  complex 
problem  to  solve.  It  involves  detailed  knowledge  of  the  field  induced  drift  current  and  the 
tunneling  current  at  the  applied  bias.  For  simplicity  we  have  solved  the  DFT  without 
electric  field  to  obtain  the  quantum  confined  well  shape  and  have  then  applied  electric 
field  on  the  well  to  study  the  Stark  shift  and  resonance  width. 

The  calculation  of  the  energy  shift  and  resonance  width  in  a  rectangular  QW  under 
uniform  electric  field  by  the  stabilization  method  was  developed  by  Borondo  and  Sanchez- 
Dehesa®.  In  the  QW  the  energy  levels  calculated  and  plotted  as  a  function  of  d  show 
avoided  crossings  between  stable  and  unstable  eigenvalues  at  some  points.  The  stable 
eigenvalues  correspond  to  the  energies  representing  the  resonance  position  and  the  unstable 
eigenvalues  correspond  to  the  discretized  continuum  states.  As  an  example,  in  Fig.  1  we 
present  the  stabilisation  graph  (SG)  for  a  rectangular  well  at  100  kV/cm. 


Fig.l 

Stabilization  graph  of  the  rectangular 
quantum  well  with  well  width  lOOA  and  x  — 
0.3  at  the  applied  field  strength  100  kV/cm. 
The  energy  levels  for  the  ground,  first,  sec¬ 
ond,  third,  fourth  and  fifth  excited  states 
are  denoted  by  solid,  long-dashed,  middle- 
dashed,  short-dashed  and  dotted  lines  respec¬ 
tively.  The  avoided  crossings  are  clearly  seen 
here. 


d  (a.u.) 

This  graph  presents  avoided  crossings  between  stable  and  unstable  eigenvalues  at 
different  d^  for  both  ground  state  and  first  excited  state  energy  levels.  In  the  standard 
Fermi-golden-rule-type  formula  the  resonance  width  (F)®’^  is  given  by 


r  =  2iTp{E„)V,^ 


(10) 


where  the  interaction  term  Vc  is  taken  to  be  half  the  energy  splitting  at  the  pseudo-crossing 
(dc)  of  the  SG  and  p{En)  is  the  density  of  the  continuum  states.  If  En  is  the  discretized 
continuum  eigenvalue  interacting  with  the  stable  one,  a  good  approximation  for  p{En) 
is®’®. 


piEn)  = 


2 


En-\-l  En  —  l 


(11) 


To  demonstrate  its  potentiality  of  the  SG  technique.  We  have  applied  it  to  two  different 
types  of  well  structures,  namely  the  rectangular  and  the  diffusion  modified  QW  structures. 
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RESULTS  AND  DISCUSSIONS 
I.  Rectangular  Single  Quantum  Well 

The  potential  profile  for  a  rectangular  QW  is  given  by 


I  ^  i> 

I  ^  l<  £/2. 


(12) 


where  Vq  =  Bo/f(Eg(x)  —  Eg{0))  with  Eg{x)  and  Eg{0)  the  b2uid  gaps  of  Al^^Gai-xAs 
and  GaAs  respectively.  Ro//  is  the  band  offset  usually  taJcen  to  be  0.7  and  L  is  the  width 
of  the  rectangular  QW.  The  expressions  for  Eg{x)  and  rn*{x)  have  been  given  in  our 
earlier  work®.  The  width  of  the  well  is  taken  to  be  lOOA  and  x  =  0.3  which  corresponds 
to  the  barrier  height  of  295.6  meV.  This  well  contains  three  bound  states  corresponding 
to  energies  of  32.07  meV,  126.51  meV  and  267.88  meV.  The  barrier  is  doped  with  Si 
donors  with  binding  energy  20  meV  and  concentration  2.5x  10^*^cm~®.  We  have  taken  five 
eiteration  to  get  full  convergence  in  energy  eigenvalues.  The  effective  potential  Ve//  with 
Eind  without  the  effect  of  the  many  body  terms  is  shown  in  Fig.  2.  The  chemical  potential 
is  found  to  be  107  meV.  The  concentration  of  the  ionised  donors  corresponding  to  this 
chemical  potential  is  found  to  be  9.3xl0^®cm“^.  The  energy  levels  are  54.59  meV  and 
133.44  meV. 


Fig.2 

Potential  profiles  of  the  rectangular  quan¬ 
tum  well  with  and  without  modulation  dop¬ 
ing.  The  dotted  line  and  solid  line  are  the 
potential  profiles  with  and  without  doping 


z(a.u.) 


The  effect  of  the  electric  field  on  the  energy  levels  with  their  resonance  widths  are 
given  in  Table  1. 


Table  I 

Comparison  of  the  energies  and  resonance  widths  with  and  without  doping  in  a  single 
rectangular  QW.  Energies  with  and  without  doping  are  denoted  as  Ei^^  and  Er'*'^  respec¬ 
tively.  Similarly  the  resoneince  widths  with  and  without  doping  are  denoted  as  and 
respectively. 


F 

(kV/cm) 

(eV) 

p(w) 

(eV) 

(eV) 

r(<^) 

(eV) 

50 

0.03167 

1.252x10"^^ 

0.05248 

1.308x10"^'* 

100 

0.02718 

1.934x10“^^ 

0.04631 

1.482x10-® 

150 

0.02010 

2.869x10-’^ 

0.03708 

1.502x10-® 

200 

0.01075 

1.278x10-® 

0.02581 

3.653x10-® 
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From  this  table  it  is  clear  that  energy  levels  and  resonance  widths  are  increased  in 
the  doped  well  compared  to  the  undoped  well.  This  happens  because  the  barrier  height  is 
lowered  as  a  result  of  the  modulation  doping  in  the  rectangular  QW. 

II.  Diffusion  Modified  Quantum  Well 


When  the  rectangular  QW  is  subject  to  annealing  above  800°C,  intermixing  starts  at 
the  heterojunction  and  the  formation  of  the  Ga  vacancy  induces  A1  atoms  to  diffuse  into 
the  GaAs  layer  from  the  AlGaAs  The  interdiffusion  process  is  therefore  characterized  by 
the  A1  diffusion  length  {Ld  =  which  can  be  obtained  from  the  diffusion  constant  (Z?) 

at  the  annealing  temperature  and  the  annealing  time  (t).  Taking  the  diffusion  constant  to 
be  isotropic,  the.  position  dependent  A1  concentration  from  the  diffusion  equation  is  found 


Vj{z)  =  X 


+  erf 


L  ~  2z 
~^Ld 


(13) 


where  erf  is  the  error  function^^  and  L  is  the  width  of  the  rectangular  QW.  The  potential 
profile  is  expressed  as 

V{z)  =  -  £,(t«(0))]  (14) 

We  have  taken  x  =  0.3,  I/=100A.  The  binding  energy  and  concentration  of  Si  dopants 
are  the  same  in  this  case  as  in  the  rectangular  QW.  The  diffusion  length  Ld=20k.  The 
chemical  potential  and  the  concentration  of  ionised  donors  calculated  in  the  doped  QW 
are  found  to  be  52  meV  and  4.17x10^®  cm“^  respectively.  The  potential  profiles  with  and 
without  doping  are  shown  in  Fig.  3. 


d(A) 


Fig.  3 

Potential  profiles  of  the  diffusion  modi¬ 
fied  quantum  well  with  and  without  modula¬ 
tion  doping.  The  solid  line  and  dashed  line 
are  the  potential  profiles  with  and  without 
doping. 


The  modulation  doping  has  increased  the  effective  width  of  the  well  and  decreased 
the  barrier  height.  The  well  before  doping  contains  two  energy  levels  at  55.63  meV  and 
160,46  meV.  Since  the  barrier  height  is  decreased  in  the  doped  well  there  is  a  single  level 
in  the  well  at  60.89  meV.  The  ground  state  energies  and  resonance  widths  for  different 
field  intensities  are  presented  in  Table  II. 
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Table  II 

Comparison  of  the  energies  and  resonance  widths  for  a  single  dilFusion  modified  quan¬ 
tum  well  with  and  without  doping.  The  notations  2Lre  the  szime  as  in  Table  I. 


F 

(kV/cm) 

(eV) 

p(u/) 

(eV) 

(eV) 

r(<i) 

(eV) 

25 

0.028176 

2.214x10"^^ 

0.060518 

8.754x10-^^ 

50 

0.027180 

1.934x10-^3 

0.059392 

1.928x10-“ 

75 

0.020100 

2.869x10-'^ 

0.057545 

6.639x10-® 

As  in  the  rectangular  QW  the  energy  levels  and  resonance  widths  are  increased  in 
the  doped  well  compared  to  the  undoped  well.  This  happens  because  the  barrier  height  is 
lowered  as  a  result  of  the  modulation  doping. 

CONCLUSION 


In  the  present  work  we  have  extended  the  Fourier  series  method  to  calculate  both 
the  ground  state  quasi-bound  energy  levels  with  their  resonance  widths  in  the  rectangular 
and  diffusion  modified  modulation  doped  QWs.  Although  we  have  studied  only  two  types 
of  QW  structures,  this  method  can  be  applied  to  single,  double  and  multiple  QWs  with 
arbitrary  potential  profiles.  However,  we  would  like  to  mention  that  this  method  cannot 
be  used  to  study  energies  and  lifetimes  in  QWs  under  a  high  electric  field  as  the  SG  in 
this  case  cannot  be  obtained.  We  have  not  addressed  the  nature  of  quasi-Fermi  level  in 
the*  presence  of  the  applied  electric  field  in  this  work.  The  absorption  coefficient  in  doped 
QWs  under  an  applied  electric  field  needs  the  temperature  dependence  of  the  Fermi  level, 
wavefunctions,  energies  and  mean  tunneling  lifetimes.  Therefore  our  present  work  will  be 
useful  in  calculating  the  absorption  coefficients  accurately  in  QW  structures. 
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Part  III 


Quantum  Infrared  Detectors 


THEORETICAL  STUDIES  OF  ELECTRONIC  INTERSUBBAND 
TRANSITIONS  IN  n-TYPE  DOPED  QUANTUM  WELLS  FOR 
INFRARED  PHOTODETECTOR  APPLICATIONS 
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ABSTRACT 

A  self-consistent  (8  X  8)-k  •  P  model  based  on  the  Kohn-Sham  density-functional  for¬ 
malism  is  used  to  calculate  the  quasi-particle  wave  functions  and  energy  levels  in  n- 
type  doped  quantum  wells.  The  self-energy  from  electron-electron,  electron-impurity,  and 
electron-phonon  scattering  was  included  in  the  calculation.  The  electronic  intersubband 
absorption  was  calculated  using  a  generalized  self-consistent-field  method  including  the 
vertex  correction.  The  theoretical  approach  was  applied  to  explain  the  variation  of  the  in¬ 
tersubband  transition  peak  energies  as  the  temperature  or  the  electron  density  is  changed. 
Good  agreement  between  the  theory  and  experiment  was  achieved.  The  present  theoreti¬ 
cal  model  was  also  applied  to  design  two-colors  quantum  well  infrared  photodetectors  and 
was  found  to  agree  with  the  experimental  measurements.  Based  on  the  numerical  calcula¬ 
tion,  an  approach  to  realize  the  three-colors  infrared  photodetectors  in  the  triple-coupled 
quantum  wells  was  proposed. 

INTRODUCTION 

One  way  to  monitor  the  changes  in  the  material  optical  response  is  using  a  weak 
probe  light  that  induces  the  intersubband  transitions  in  the  materials  studied.  Optical 
absorption  technique  has  been  proven  to  be  one  of  the  simplest  and  most  applicable 
methods  [1-4]  to  characterize  materials.  A  full  understanding  of  their  optical  properties  is 
necessary  because  of  their  potential  use  as  opto-electronic  devices  such  as  photodetectors, 
modulators,  and  lasers.  Early  work  [5-10]  on  the  intersubband  transitions  in  Si-doped 
quantum  wells  showed  that  the  exchange  energy  has  a  nontrivial  contribution  to  the 
subband  structure.  The  design  of  these  photo-devices  requires  an  accurate  theory  for  the 
purpose  of  device  modeling. 

Quantum  well  intersubband  photodetectors  based  on  III-V  semiconductors  have  been 
investigated  in  recent  years  as  alternative  structures  to  replace  II-VI  semiconductor  ma¬ 
terials  in  the  infrared  focal-plane  arrays  technology.  Multi-band  spectra  are  needed  for 
many  applications  and  image  recognitions.  In  fact,  one  can  extract  many  useful  details 
from  images  obtained  using  the  infrared  focal-plane  arrays  with  multi-band  spectra. 

There  has  been  increasing  interest  in  multi-band  infrared  detectors  for  simultaneous 
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imaging  in  separate  wavelength  bands,  [11-13]  One  possible  design  for  a  two-colors  pho¬ 
todetector  is  a  quantum  well  with  at  least  three  confined  states  to  generate  large  oscillator 
strengths  for  all  possible  intersubband  transitions.  To  achieve  this  goal,  one  can  increase 
either  the  barrier  height  or  well  width.  In  case  of  doping  in  well  region,  the  two-dimensional 
electron  density  (n2D)  is  increased  as  the  well  width  (Lw)  increases  assuming  that  the 
three-dimensional  doping  concentration  remains  constant.  For  fixed  n2D  and  barrier  ma¬ 
terial  AlyGa\-yAsy  one  can  still  increase  the  barrier  height  by  choosing  the  well  material 
as  a  ternary  alloy  /nx(?ai_x/ls  instead  of  GaAs,  In  a  single-particle  picture,  the  electron 
wave  functions  and  energy  subbands  are  completely  decided  by  the  barrier  height  and  well 
width.  When  the  quantum  well  is  doped  with  electrons  to  obtain  intersubband  transition 
optical  absorption  spectra,  the  Coulomb  interaction  between  electrons  becomes  very  im¬ 
portant,  which  leads  to  the  wave  functions  and  energy  levels  as  being  dependent  on  n2D 
and  temperature  {T). 

There  have  been  many  efforts  devoted  to  the  fabrication  of  multi-colors  infrared  pho¬ 
todetectors.  The  simplest  method  is  to  construct  an  image  with  multi-infrared  focal-plane 
arrays  each  covers  a  different  spectral  band.  Another  method  is  to  grow  multi-stacks  of 
different  quantum  well  infrared  photodetector  structures  separated  by  thick  doped  lay¬ 
ers  for  different  electrical  contacts.  [14-17]  This  approach  can  be  applied  to  design  more 
than  two  colors  since  each  quantum  well  infrared  photodetector  can  be  tailored  inde¬ 
pendently  for  certain  wavelength  regions.  However,  the  existence  of  too  many  electrodes 
greatly  complicates  the  device  processing  zuid  the  read-out  electronics.  Two-terminal  de¬ 
vices  have  also  been  tested,  [18,19]  where  the  detected  wavelength  can  be  switched  by 
applying  different  bias  voltages.  Due  to  the  in-series  electrical  connections  in  this  struc¬ 
ture,  a  spectral  crosstalk  occurs  when  different  stacks  are  illuminated  simultaneously  at 
different  wavelengths.  The  quantum  confined  Stark-shift  has  been  used  to  tune  the  de¬ 
tection  wavelength  by  varying  the  bias  voltage;  [20-23]  The  bias  electric  field  changes 
the  electron  energy-level  separations  lezuling  to  a  shift  in  the  intersubband  absorption 
peaks.  In  order  to  get  sufficient  tuning  range,  different  quantum-well  structures  such  as 
stepped  quantum  well  and  asymmetric  coupled-double  quantum  wells  have  been  tried. 
[20-23]  Unfortunately,  the  operation  of  these  structures  usually  requires  a  relatively  high 
bias  voltages  causing  a  large  dark  current  and  noise.  Recently,  Schneider,  tt  al.  [24]  have 
proposed  to  stack  a  quantum  well  infrared  photodetector  and  a  photodiode  together.  As 
a  result,  by  applying  a  forward  or  a  reverse  bias  voltages,  the  device  will  operate  at  a  long 
wavelength  absorption  quantum  well  infrared  photodetector  mode  or  at  a  short  wave¬ 
length  absorption  photodiode  mode.  However,  this  structure  depends  on  the  bias  voltage 
and  requires  three  electrical  contacts  layers.  It  again  complicates  the  device  processing 
and  introduces  image  distortions  in  the  continuous  operation  mode.  The  same  idea  which 
makes  use  of  the  amorphous  silicon  materials  was  also  proposed  to  fabricate  multi-colors 
visible  photodetectors.  [25,26]  The  asymmetric  or  symmetric  multi-subband  quantum  well 
infrared  photodetector  is  thought  of  as  another  approach  to  the  multi-colors  infrared  pho¬ 
todetectors  [27-29]  where  there  are  more  than  one  occupied  subband.  In  this  structure, 
the  multi-intersubband  transitions  take  place  between  two  occupied  subbands  below  the 
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Fermi  energy  or  between  one  occupied  subband  and  another  empty  subband  close  to  the 
top  of  barrier  height.  However,  it  is  very  difficult  to  design  more  than  two  colors  in  this 
kind  of  structures  since  the  conduction  band  offset  is  limited  by  the  semiconductor  mate¬ 
rials.  In  addition,  this  structure  requires  a  short-period  superlattice  barrier  to  collect  the 
photo-generated  carriers  through  a  miniband  transport. 

In  this  paper,  instead  of  using  a  single-band  model  for  the  electronic  intersubband 
transitions  we  adopt  a  (8  x  8)-k  •  P  multi-band  model  based  on  the  Kohn-Sham  density- 
functional  formalism,  which  includes  the  band-mixing  effect.  Using  this  approach,  we 
calculate  the  self-consistent  quasi-particle  wave  functions  and  energy  levels.  Further,  we 
have  included  the  Coulomb  self-energy  correction  to  the  quasi-particle  energy  levels.  The 
electron-impurity  and  electron-phonon  scattering  is  also  considered  in  a  self-consistent 
way  to  give  rise  to  the  lifetime  of  the  quasi-particles  and  their  energy  shifts.  The  optical 
absorption  coefficient  has  been  calculated  using  the  self-consistent-field  method  modi¬ 
fied  by  the  vertex  correction  in  the  ladder-diagram  approximation.  Very  good  agreement 
between  our  theoretical  calculation  and  the  experimental  measurement  is  achieved. 

This  paper  is  organized  as  follows.  In  Sec.  II,  our  model  and  theory  for  the  calculation 
of  electronic  intersubband  absorption  in  the  n-type  doped  quantum  wells  are  presented. 
In  Sec.  Ill,  we  apply  our  theory  to  explain  the  experimental  results  for  the  blue-  and 
red-shifts  in  the  absorption  spectra  as  the  temperature  and  electron  density  are  changed. 
We  also  use  our  theory  to  design  a  two-colors  quantum  well  infrared  photodetector,  which 
agrees  with  the  experimental  measurement.  Moreover,  a  new  way  to  realize  the  three- 
colors  infrared  photodetectors  in  the  triple-coupled  quantum  wells  is  proposed  based  on 
our  numerical  calculation.  Finally,  the  conclusion  is  presented  in  Sec.  IV. 

MODEL  AND  FORMALISM 

In  this  section,  we  will  present  the  formula  for  calculating  the  self-consistent  quasi¬ 
particle  wave  functions  and  energy  levels  as  well  as  the  absorption  coefficient  in  the  n-type 
doped  quantum  wells. 

Self-Consistent  (8  x  8)-k  •  P  Model 

The  quasi-particle  wave  functions  energy  levels  Ej{k\\)  in  the  n-type  doped 

quantum  wells  is  determined  by  the  Schrodinger  equation  in  the  (8  X  8)-k  ■  P  model  [30] 

i:  ky  (hX  -V  -£)  +  (Vh(^)  +  Kc[n(2)l)4j  (1) 

p'=i  L  \  / 

for  j  =  1,  2,  ■  •  • ,  N.  The  single-particle  Hamiltonian  matrix  in  Eq.  (1)  reads  [31] 

where  fcz)  is  the  usual  Kane  (8  x  8)  unstrained  Hamiltonian  matrix  including 

the  ^-independent  part  of  the  spin-orbit  interaction,  is  the  fc-dependent  part 
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of  the  spin-orbit  interaction,  is  the  strained  part  of  the  Hzmiltonian  matrix 

including  the  ^-independent  part  of  the  spin-orbit  interaction,  and  A:*)  is  the  k- 

dependent  part  of  the  spin-orbit  interaction  in  the  strained  part  of  the  Hamiltonian  matrix. 
Since  we  are  only  concern  the  electronic  intersubband  transitions  within  the  conduction 
band,  we  label  p  =  1  and  2  for  the  up-spin  and  down-spin  states,  respectively.  The  electron 
density  function,  n(^),  in  Eq.  (1)  is  written  as 

»(") =^t't  r“*ii  <<*11  i€k,(^)r  umh)]  ■  (3) 

p=l  j=l  •'0 

Moreover,  the  Hartree  potential  in  Eq.  (1)  is  determined  from  the  Poisson’s  equation 

^  ^  [Nviz]  -  n(^)]  ,  (4) 

and  the  exchange-correlation  potential  in  the  local-density  approximation  is  written  as 

132] 


VAn(z)]  =  - 


8!rfofb(j)a;(z) 


,^0^,  2 

Zl  Tgf 


7ra^,(^) 


The  following  notations  were  introduced  for  the  parameters  appeared  in  Eqs.  (3)  and  (5). 


/o1B;(*||)]  =  [exp  +  l]  '  (7) 

is  the  Fermi-Dirac  distribution  function  of  electrons  in  the  quantum  well  with  Fermi  energy 
Ep  and  electron  temperature  T, 


47rcoCb(^)^^ 

m*{z)e^ 


(8) 


is  the  effective  Bohr  radius  of  electrons,  and 


is  the  dimensionless  electron  density  parameter.  Besides,  Nd{z)  in  Eq.  (4)  is  the  doping 
profile,  Cb(<?)  in  Eqs.  (4)  and  (5)  is  the  position-dependent  dielectric  constant  in  the  well 
(c^)  and  the  barrier  (c®)  materials,  m*{z)  in  Eq.  (8)  is  the  position-dependent  effective 
mass  of  electrons,  Eqs.  (1)  -  (9)  will  be  solved  simultaneously  in  a  self-consistent  way. 
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Coulomb  Self-Energy  Correction 


If  the  band  gap  of  the  semiconductor  materials  studied  is  not  narrow,  the  spin  splitting 
of  the  electronic  states  in  the  conduction  band  can  be  neglected.  In  this  case,  we  adopt  the 
spin-degenerate  model  for  the  electrons  and  drop  the  spin  index  p  from  now  on.  It  is  known 
that  the  local-density  approximation  can  neglect  the  local  non-neutrality,  band-structure, 
and  temperature  effects  in  the  exchange-correlation  energy.  Since  the  self-consistent  wave 
functions  obtained  above  are  good  approximations  of  the  true  wave  functions,  the  subband 
energies  will  be  improved  by  calculating  the  Coulomb  self-energy  correction  to  the  energy 
levels  Ej{k\\),  which  brings  in  an  additional  modification  to  the  electron  energy  dispersion. 
This  correction  is  real  and  found  to  be  [33] 


(JS5(fci|)  =  -  r  dz  V;c[n(^)]  -  Y,  fo[Ei{kl^)] 

r  f+oo  f+oo 


2eoefc(|k|j-k[||-f  gP)J 

,  (10) 


where  Ch  =  +  eb)/2  is  the  average  dielectric  constant  for  the  quantum  well  system. 

Here,  qj^  in  Eq.  (10)  is  the  inverse  of  the  Thomas- Fermi  screening  length  [29] 


STrcoe^ksT 


f  +  oo 

1  dk\\  A:|j  cosh 

Ei{k\\)  -  Ef 

JO 

2kBT 

(11) 


Scattering  Correction 


Although  the  Coulomb  self-energy  has  been  included,  it  produces  an  infinite  lifetime 
of  the  quasi-particles.  The  electron-impurity  and  electron-phonon  scattering  introduce  an 
additional  complex  self-energy  term  E}(A;|i).  This  self-energy  is  expressed  as  the  sum  of 
two  contributions 


(12) 


where  in  the  self-consistent  Born  approximation  [34]  we  get  the  following  two  self- 
consistent  equations  for  the  electron-impurity  and  electron-phonon  self-energies,  namely. 


(13) 


is  for  the  electron-impurity  scattering,  and 


_ »ph(t>^o)  +  /o[Ej'(|k||  +  gill)  +  <?S‘.(|k||  +  q|||)| _ 

B  +  huvo-  £/(|k||  +  qiil)  -  iE5,(|k||  +  q|||)  -  E^,';n,+„|(£  +  M,o) 


_l _ +  1  -  /<i[£)'(|k||  +  qiil)  +  i?Sj.(|k||  +  q|||)] _ 

£  -  fiu)LO  -  Eydkii  +  qiil)  -  «E;,(|k||  +  qiil)  -  -  fiwLo) 


(14) 


is  for  the  electron-phonon  scattering.  In  Eqs.  (13)  and  (14),  we  have  defined  the  scattering 
vertex  as  follows: 


[r;™  (kii.Ki)]'  = 


[26o€b(|k||-k(||-|-q^ 


,TF^ 


/  +  0O 

dz'  /Vd(^') 

-oo 


X  dz  exp(-|k||  -  kfilj^  -  z'\)  <f>y ,k'^{z)]^ 

is  for  the  electron-impurity  scattering  vertex,  and 


‘o(9||  +  «7j+2,7/iw) 


(15) 


/+CO  |2 

exp(i<?,2)  0jMk|,+q|,|(^)  (16) 

-oo  "  I 

is  for  the  electron-phonon  scattering  vertex.  Moreover,  Lw  in  Eq.  (16)  is  the  width  of 
quantum  well,  hu>io  is  the  frequency  of  the  longitudinal-optical  phonons  for  the  well 
material,  and 


^ph(‘^o)  = 


(17) 


is  the  phonon  distribution  factor.  In  Eq.  (16),  we  have  also  introduced  the  static  dielectric 
constant,  c,,  and  the  optical-frequency  dielectric  constant,  Coo- 


Absorption  Coefficient 

When  an  external  z-polarized  probing  field  is  applied,  the  resulting  perturbation  in  the 
electron  density  function  will  produce  an  optical  response  from  a  normd  mode  of  density 
fluctuation.  In  the  long  wavelength  limit,  only  the  vertical  intersubband  transitions  need 
to  be  considered.  For  a  probing  field  interacting  weakly  with  the  electrons  in  the  quantum 
wells,  the  absorption  coefficient  is  defined  zis  the  ratio  of  the  energy  absorbed  per  unit 
volume  and  per  unit  time  to  the  incident  flux.  A  straightforward  calculation  yields  [29] 

/?abi(‘4^)  =  [  ^ph(u^)  +  1  I  Irn  aL(a;)  ,  (18) 
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where  a;  is  the  frequency  of  the  probing  field,  Pph(^^)  =  [exp{hu; / k^T)  —  1]  Ms  the  photon 
distribution  factor.  In  Eq.  (18),  Q!l(ci;)  is  the  complex  Lorentz  ratio,  which  is  given  by 


0!L(i^)  =  - 


TreoCb^w 


__  f+oo 

E  /  ^11  ^^11 

j<j' 


X  ’  (19) 

and  n(aj)  is  the  scaled  frequency-dependent  refractive  index  function,  which  is  give  by 

n{u})  =  i  {l  +  i?e  aL(ctj)  +  \/[l  -f  Re  aL{u3)f  +  [Im  o;l(w)]^  |  .  (20) 

In  Eq.  (19),  the  susceptibility  of  non-interacting  quasi-particles,  Xj°-'(^||?  ^))  is  for  j  <  j' 

(0) . ,  .  ^  n,(fc||)-n,v(fc||)  nj<(fc||)-nj(fc||) 

^  -  A,.(fc||)  -f  A,(fc||)  +  Z7,,y(fc||)  fia;  -h  A,v(fc||)  -  A,(fc|i)  +  i^,Ah)  ’ 

(21) 


where 


A,(fcij)  =  E,{k\0  -f  5s;(fc,|)  +  Re  S5(/C||)  (22) 

is  the  renormalized  quasi-particle  energy  levels, 

IjJ'ih)  =  [im  S5(fc||)  +  Im  S®,(fc||)]  (23) 

is  the  energy  level  broadening  due  to  the  electron-impurity  and  electron-phonon  scattering, 
and  nj(fc||)  in  Eq.  (21)  cab  be  obtained  by  replacing  Ej{k\^)  in  Eq.  (7)  with  Aj(A:||). 
The  vertex  part,  rjj»(A:||,  w),  in  Eq.  (19)  is  due  to  the  excitonic  interaction  and  can  be 
calculated  by  summing  over  all  the  ladder  diagrams.  The  result  of  this  summation  is  the 
following  Bethe-Salpeter’s  equation  [35]  for  j  <  j' 


r^^.(fc[i,u,)  =  1  -  ^  /  All  ri,.(*=ii,u-) 


[2£„£t(|k'-k|||  +  ,J 


,TF\ 


^  [/I  /-l  (24) 


where  we  need  to  replace  Ej{k^^)  with  Aj(fc||)  in  evaluating  gj^  in  Eq.  (11)  for  the  Thomas- 
Fermi  dielectric-function  matrix  above.  In  Eq.  (24),  the  small  exciton-coupling  effect  is 
neglected.  Moreover,  in  Eq.  (19)  the  quasi-particle  dipole  moment,  Ejj»(fcj|),  and  the  col¬ 
lective  dipole  moment,  Djj<{k^\,uj),  are  calculated  according  to 


/  +  00 


(25) 
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and  [36] 


E  E  D,,Ah^u>)  -  2  ,v;°>(t||,u,)r,.,.(t||,a.) 

‘‘II  j<y 

/+00  r+oo  {  \ 


=  2  E  E  x£’(*^ii.")r'w'(';ih“) 

k||  j<i> 

/+0O  /■+00  {  \ 

oo  l-oo  ”  "^7 

We  can  see  from  Eq.  (26)  that  the  screening  effect  has  been  included  in  the  dielectric- 
function  which  is  shown  as  a  coefficient  matrix. 

APPLICATIONS  TO  INFRARED  PHOTODETECTORS 

In  this  section,  we  will  apply  our  theory  to  explain  the  variation  of  the  intersubband 
transition  peak  energies  as  the  temperature  or  the  electron  density  is  changed.  We  will 
also  use  the  present  theoretical  model  to  design  two-colors  quantum  well  infrared  photode¬ 
tectors.  Motivated  by  the  numerical  calculation,  we  will  propose  a  new  way  to  realize  the 
three-colors  infrared  photodetectors  in  the  triple-coupled  quantum  wells.  The  following 
numerical  results  shown  in  Figs.  1-5  are  obtained  by  using  the  single-band  self-consistent 
Hartree-Fock  approximation.  However,  the  results  using  (8  x  8)-k  •  P  theory  only  display 
a  little  change  compared  with  the  Hartree-Fock  calculations. 

Blue-  and  Red-Shifts  of  Intersubband  Transition  Peak  Energies 

First,  we  compare  our  theoretical  calculations  of  the  optical  absorption  spectra  with 
the  experimental  measurements  in  a  Alo.^Gao  jAsfGaAs  quantum  well  with  well  width 
Lw  =  75  A.  The  n-type  doping  is  in  the  well  region.  There  are  two  confined  states  in  the 
quantum  well  and  the  intersubband  transition  is  between  these  two  states. 

In  Fig.  1,  we  present  the  absorption  coefficient  /?ab«(‘^)  from  both  our  calculated  results 
and  experimental  data  (recorded  at  the  Brewster  angle  using  a  FTIR  spectrometer)  for 
two  electron  densities  n2D  at  T  =  5  K.  The  peak  energy  increases  with  n2D-  The  positive 
Hartree  energy,  depending  on  n2D,  shifts  both  subbands  upward,  while  leaving  their  sep¬ 
aration  almost  unchanged.  The  negative  exchange  energy  shifts  the  first  subband  down 
more  than  the  second  subband,  thereby  increasing  their  separation.  For  an  increased  n2D, 
the  exchange  energy  becomes  dominant.  Therefore,  the  peak  position  moves  to  the  right. 
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In  addition,  we  find  that  the  calculated  peak  positions  coincide  well  with  those  from  ex¬ 
periment  for  both  the  low-  and  high-density  samples.  The  pecik  strength  of  the  low-density 
peak  is  slightly  lower  than  that  observed  in  the  experiment.  The  line  shapes  show  slight 
deviations  at  energies  away  from  the  peak  energy  and  a  small  peak  width  is  obtained  in 
comparison  with  the  measurement.  For  high  7220,  the  second  subband  begins  to  be  popu¬ 
lated.  The  collective  dipole  moment  w)  due  to  the  Hartree  interaction  is  found 

to  shrink  the  peak  width,  while  the  exchange  interaction  expands  the  peak  width.  We 
attribute  the  asymmetrical  line  shape  to  the  w-dependence  in  n(a;),  strong  non-parabolic 
energy  dispersion  at  large  k  and  the  exchange  interaction. 


PHOTON  ENERGY  (meV) 

FIG.  1:  CompEU-ison  between  the  calcu¬ 
lated  /?abi(w)  (dashed  lines)  with  the  mea¬ 
surements  (solid  lines)  at  T  =  5  for 
Alo.^paa.rAsJGaAs  samples  with  Lw  = 
75  A,  njD  =  7.5  and  37.5  x  10“  cm"*.  The 
high-energy  peak  is  for  the  high-density  sam¬ 
ple. 


PHOTON  ENERGY  (meV) 


FIG.  2:  Comparison  between  the 

calculated  /?ab.(w)  (dashed  lines)  of  the 
Alo.3,GaQ_^As/GaAs  sample  with  £w  =  75  A 
and  n2D  =  7.5  x  10“  cm“*  at  T  =  5 
and  300  K  with  the  experimental  measure¬ 
ments  (solid  lines).  The  high-energy  peak  is 
for  T  =  5  K. 


In  Fig.  2  we  present  a  quantitative  comparison  between  /?abs(t*^)  from  our  numerical 
simulations  and  experimental  data  for  the  low-density  sample  zX  T  =  b  K  and  300  K. 
The  peak  energy  increases  with  reducing  T,  shown  as  a  blue-shift.  The  crucial  negative 
exchange  energy  brings  down  the  first  subband  more  than  the  second  subband,  and  in¬ 
creases  the  separation  between  them.  With  an  increase  in  T,  the  exchange  interaction 
becomes  weaker,  and  then,  the  peak  energy  decreases.  Moreover,  we  find  that  the  calcu¬ 
lated  peak  positions  also  coincide  with  those  measured  at  low  and  high  temperatures.  The 
peak  strength  of  the  high-temperature  peak  seems  a  little  bit  smaller  than  that  observed. 
The  asymmetrical  line  shape  of  both  curves  displays  very  small  deviations  on  the  lower 
energy  side. 
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Design  of  Two-Colors  Quantum  Well  Infrared  Photodetectors 


Second,  we  apply  our  theory  to  design  a  two-colors  quantum  well  infrared  photodetec¬ 
tor.  The  structure  we  consider  in  a  InosuGao.^AsJ Alo.4ioGaQ.eoA.s  strained  quantum  well 
with  doping  concentration  2.0  x  10^®  cm“®  in  the  well  region.  There  are  three  confined 
states  in  the  quantum  well.  The  intersubband  transitions  studied  include  from  the  ground 
energy  level  to  the  middle  energy  level  En  and  from  the  middle  energy  level  to  the  top 
energy  level  £'23- 


FIG.  3:  Compariion  of  the  calailated 
(lines)  and  measured  (symbols)  peaks  posi¬ 
tion  energies  of  the  two  intersubband  transi¬ 
tions  related  to  Eii  (peak  1)  and  Ba  (pe«k 
2)  at  78  M  a  function  of  the  well  width 
in  the  /nonrGao.s3v4s//4/o.4oGao4oAs  multi¬ 
ple  quantum  wells  with  doping  concentration 
2.0  X  10**  cm"*  in  the  well  region. 


For  direct  comparison  between  our  design  and  experimental  measurement,  we  plot¬ 
ted  the  peak  position  energies  of  En  and  £23  transitions  in  Fig.  3  as  a  function  of  the 
well  width  Lw  at  T  =  78  /C.  It  is  clear  from  this  figure  that  good  agreement  between 
our  theoretical  prediction  (solid  and  dashed  lines)  and  experimental  measurement  (solid 
squares  and  circles)  is  achieved.  It  is  edso  noted  in  Fig.  3  that  the  sepznation  between 
two  intersubband  transitions  is  increased  as  Lyv  increases.  Thus  far  we  are  able  to  show 
the  following.  First,  the  optical  absorption  measurements  of  the  intersubband  transitions 
show  that  one  transition  related  to  En  is  observed  in  S3unples  in  which  the  Fermi  energy 
£?f  lies  between  the  ground  and  middle  energy  levels.  Second,  two  intersubband  transi¬ 
tions  related  to  En  and  E23  transitions  are  observed  for  samples  in  which  Ey  is  above 
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the  middle  energy  level.  Third,  the  strength  of  the  Eu  transition  is  decreased  as  Ef  is 
raised  above  the  middle  energy  level,  which  is  achieved  by  increasing  Lw-  In  fact,  we  aro 
unable  to  observe  the  Eu  transition  in  samples  with  Lw  larger  than  175  A  which  can  be 
explained  by  the  phase  blocking.  The  phase  blocking  is  a  result  of  the  Pauli’s  exclusion 
principle  for  electrons.  Considering  that  the  electrons  are  excited  from  the  ground  energy 
level  to  the  middle  energy  level,  we  know  that  it  can  happen  only  when  the  initial  state  is 
occupied  and  the  final  state  is  empty,  or  partially  empty,  at  the  same  time.  If  Ep  is  above 
the  middle  energy  level,  the  population  of  the  middle  energy  level  would  block  out  the 
electron  transition  from  the  ground  energy  level  to  the  middle  energy  level.  Since  the  peak 
strength  (intensity)  depends  strongly  on  the  number  of  the  allowed  transitions  from  the 
ground  energy  level  to  the  middle  energy  level,  it  is  then  easy  to  explain  the  suppression 
of  the  Eu  transition  as  Ep  is  raised  above  the  middle  energy  level. 

Realization  of  the  three-Colors  Infrared  Photodetectors 

Third,  we  use  our  numerical  calculation  as  a  guide  to  propose  an  approach  of  realizing 
the  three-colors  infrared  photodetectors  in  the  triple-coupled  quantum  wells  (TCQW). 


FIG.  4;  Plot  of  the  calculated  con¬ 
duction  band  edge  of  the  tripled-coupled 
quantum  wells  structure.  The  energy  levels 
El,  El,  E3,  Ea  and  the  Fermi  energy  E'p 
are  also  shown.  In  this  figure,  da  is  the  thick¬ 
ness  of  the  inner  barriers  and  Li,  £-2,  L3  are 
the  well  widths  for  three  quantum  wells. 


FIG.  5:  The  optical  absorption  coefficient, 
/3ab»(w),  as  a  function  of  photon  energy  at 
three  different  temperatures  for  the  structure 
shown  in  Fig.  4.  The  three  peaks  represent 
the  Eia,  E24,  and  E34  transitions.  The  spec¬ 
tra  were  displayed  for  clarity. 


The  structure  we  consider  is  shown  in  Fig.  4,  where  all  the  barrier  layers  are  composed 
of  Alo.25Gao.75As  material,  the  first  well  from  left  is  composed  of  GaAs  material,  the 
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second  well  is  composed  of  /l/o.ioG^flo.9o-^s  material,  and  the  third  well  is  composed  of 
Alo,2oGaQ,soAs  material.  The  width  of  these  three  wells  are  70,  60  and  55  A,  respectively. 
The  thickness  of  two  middle  barrier  layers  is  ds  =  10  A.  The  doping  is  in  the  well  regions 
with  the  same  concentration  4  x  10^®  cm“®.  We  have  set  T  =  11  K  in  this  calculation. 
Because  we  assume  that  the  doping  concentration  is  the  same  for  the  three  wells,  then 
resulting  njo  is  different  in  each  well  since  they  have  different  well  widths.  This  causes  a 
built-in  space  charge  electric  field,  opposite  to  the  2  direction,  inside  the  TCQW  structure 
due  to  the  imbalance  of  nao-  The  built-in  space  charge  electric  field  introduces  the  band 
bending  effect  as  shown  in  Fig.  4.  The  band  bending  is  usually  affected  by  varying  T 
and/or  increasing/decreasing  the  well  widths  assuming  the  same  doping  concentration  for 
the  three  wells.  Additionally,  this  type  of  band  bending  can  be  compensated  by  applying 
an  electric  field  in  the  opposite  direction  to  the  built-in  space  charge  electric  field.  The 
structure  is  designed  such  that  the  Fermi  energy  Ep  lies  between  E3  and  E4.  The  final  state 
E4  is  slightly  below  the  top  of  the  barriers,  which  implies  the  intersubband  transitions  to 
E4  is  a  bound-to-bound  transitions.  The  transitions  we  studied  here  take  place  from  the 
three  initial  states  £'1,  E2,  £3  to  the  szime  final  state  £4  and  they  are  denoted  here  ais 
£14,  £24  and  £34.  Because  of  the  Pauli  exclusion  principle,  the  oscillator  strength  of  the 
transitions  between  any  pair  of  occupied  energy  levels  £1,  £2,  and  £3  are  expected  to  be 
negligible.  Therefore,  we  only  need  to  consider  £14,  £24  and  £34  intersubband  transitions. 

The  temperature  effect  on  the  optical  absorption  coefficient  /3ab«i(w)  of  the  intersub¬ 
band  transition  is  studied  and  the  results  are  shown  in  Fig.  5.  It  is  clear  from  this  figure 
that  /?«b.(w)  associated  with  £14  and  34  transitions  exhibit  a  blue-shift  as  the  temperature 
decreases,  while  the  £34  transition  remains  approximately  independent  of  temperature. 
This  behavior  could  be  explained  as  follows:  the  energy  levels  £1  and  £3  are  occupied 
and  therefore  they  are  shifted  downward  due  to  various  many-body  effects.  On  the  other 
hand  £4  is  almost  empty  and  it  is  affected  slightly  by  the  many-body  effects.  It  is  worth 
mentioning  here  that  £24  transition  is  almost  independent  of  temperature  as  shown  in 
Fig.  5.  This  is  due  to  the  fact  that  the  band  bending  and  many-body  effects  in  the  middle 
quantum  well  are  opposite  in  sign  and  approximately  equal  in  magnitude.  The  resultant 
of  the  competition  between  these  effects  in  the  middle  quantum  well  is  negligible  in  a  way 
that  £2  remains  unaffected  as  T  is  increased/decreased  leading  to  an  almost  constant  £24 
peak  position  energy  as  a  function  of  T. 

CONCLUSIONS 

In  conclusion,  we  used  a  (8  x  8)-k  •  P  multi-band  Hamiltonian  model  with  the  Kohn- 
Sham  density-functional  formalism  to  include  many-body,  space-charge,  and  band-mixing 
effect.  Based  on  this  self-consistent  approach,  we  calculated  the  wave  functions  and  energy 
levels  of  the  quasi-particles.  By  using  these  self-consistent  quasi-particle  wave  functions,  we 
further  computed  the  Coulomb  self-energy  correction  to  the  quasi-particle  energy  levels. 
Both  the  electron-impurity  and  electron-phonon  scattering  was  included  in  our  calculation 
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in  the  self-consistent  Born  approximation,  which  provided  a  finite  lifetime  to  the  quasi¬ 
particles  and  and  a  energy-level  shift.  The  intersubband  optical  absorption  coefficient  was 
calculated  using  the  self-consistent-field  method  to  include  the  electron  screening  and 
modified  by  the  vertex  in  the  ladder- diagram  approximation  correction  to  include  the 
excitonic  interaction.  Very  good  agreement  between  our  theoretical  calculation  and  the 
experimental  measurement  was  achieved  for  the  blue-shift  and  red-shift  in  the  intersub¬ 
band  transition  peak  energies  as  the  temperature  and  electron  density  are  varied.  The 
current  theory  was  also  applied  to  design  a  two-colors  quantum  well  infrared  photodetec¬ 
tor.  Our  theoretical  prediction  was  to  found  to  agree  with  the  experimental  measurement. 
Furthermore,  based  on  our  numerical  calculation  a  new  approach  to  realize  the  three- 
colors  infrared  photodetectors  in  the  triple-coupled  quantum  wells  was  proposed. 
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INFRA-RED  TUNNELING  ABSORPTION  IN  SEMICONDUCTOR  DOUBLE 
QUANTUM  WELLS  IN  TILTED  MAGNETIC  FIELDS 


S.  K.  LYO 

Sandia  National  Laboratories,  Albuquerque,  N.  M,  87185 
ABSTRACT 

Using  a  linear  response  theory,  interwell-tunneling  absorption  of  infra-red  photons  is  calculated 
in  a  double-quantum-well  structure  with  a  wide  center  barrier  in  tilted  magnetic  fields.  Tunneling 
occurs  between  the  ground  sublevels  of  the  two  quantum  wells,  with  an  energy  difference  that  is 
tunable.  The  absorption  intensity  depends  strongly  on  the  temperature  and  the  carrier  densities. 
The  resonance  width  is  narrow  even  at  high  temperatures  due  to  the  two-dimensional  phase 
restriction  for  tunneling.  In  magnetic  fields,  both  the  in-plane  and  perpendicular  components  of 
the  field  sensitively  control  and  tune  the  absorption  lineshape  in  very  different  ways,  affecting  the 
absorption  threshold,  the  resonance  energy  of  absorption,  and  the  linewidth. 


INTRODUCTION 

Long-wavelength  infra-red  (IR)  detectors  are  currently  receiving  increasing  attention  for  chem¬ 
ical  sensing,  thermal  detection,  and  other  applications.  In  this  paper,  we  present  theoretical  studies 
of  IR  tunneling  absorption  in  weakly  tunnel-coupled  n-type  semiconductor  double  quantum  wells 
(DQWs)  (e.g.,  GaAs/AlGaAs)  in  tilted  magnetic  fields  B  =  (B||,  Bj^).  The  QWs  are  separated  by  a 
wide  barrier  and  have  a  tunable  energy  mismatch  A  between  the  two  ground  sublevels.  Inter-QW 
IR  absorption  is  one  of  many  interesting  phenomena  caused  by  tunneling  between  two  quasi-two- 
dimensional  (2D)  electron  layers  [1].  Recently,  Simmons  pointed  out  that  the  absorption  linewidth 
is  narrow  for  tunneling  in  two  dimensions  and  proposed  to  use  tunneling-DQW  structures  for  IR 
detectors  [2].  In  this  structure,  the  two  QWs  have  independent  ohmic  contacts  [3].  In  DC  and  AC 
tunneling  transport  and  photoconductance,  electrons  flow  in  through  one  end  of  a  QW,  undergo 
resonant  or  photon-assisted  tunneling  through  the  barrier  between  the  two  QWs,  and  then  flow  out 
of  the  other  end  of  the  second  QW.  The  in-plane  conductances  in  the  QWs  are  much  larger  than 
the  tunneling  conductance,  yielding  negligible  potential  drop  along  the  current  paths  inside  each 
QW.  The  linear  driving  electric  field  is  in  the  direction  perpendicular  to  the  plane  of  the  two  QWs. 
The  QWs  are  in  equilibrium.  The  present  study  does  not  apply  to  strongly-coupled  DQWs  with  a 
thin  center  barrier,  where  entirely  different  physical  phenomena  occur  [1]. 

Our  theory  is  valid  for  tunneling  absorption  of  IR  photons  between  the  sublevels  of  one  QW  and 
those  of  the  other  QW.  However,  applications  are  made  only  to  the  typical  situation  where  tunnel¬ 
ing  occurs  between  the  two  ground  sublevels.  The  effect  of  spin  splitting  is  neglected.  In  B  =  0, 
the  absorption  intensity  decreases  significantly  as  the  line  width  increases  with  increasing  temper¬ 
ature  (7).  The  absorption  intensity  depends  strongly  on  the  electron  density.  In  magnetic  fields,  the 
in-plane  (B\\)  and  perpendicular  components  of  the  field  are  found  to  sensitively  control  and 
tune  the  absorption  line  shape  in  very  different  ways.  The  perpendicular  component  of  the  field 
tunes  the  cyclotron  energy,  relative  positions  of  the  two  Landau  ladders  for  asymmetric  QWs, 
and  the  interwell  spectral  overlap  of  the  density  of  states  of  the  Landau  levels.  On  the  other  hand, 
for  =  0,  the  in-plane  field  B||  merely  shifts  the  relative  separation  of  the  energy-dispersion  par- 
boloids  of  the  two  QWs  in  k-space,  tuning  the  absorption  maxima,  minimum,  and  the  absorption 
edges.  For  B  >  0,  however,  the  in-plane  field  also  modulates  the  effective  tunneling  strength  by 
displacing  the  centroid  of  the  initial-  and  final-state  Landau-level  wave  functions. 
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Flg.1  Relative  positions  of  the  dispersion 
parabolas  of  QWl  and  QW2,  with  their 
Fermi  circles,  for  increasing  from  (a)  to 
(c).  The  upper  parabola  slides  f^urther  rela¬ 
tive  to  the  lower  one  for  larger  B|.  The  verti¬ 
cal  arrows  indicate  tunneling  absorptions. 
The  arrows  in  (b)  signify  the  transitions 
responsible  for  the  absorption  edges  at 
and  the  cusps  at  fl^±. 


TUNNELING  ABSORPTION  WITH  IN-PLANE  MAGNETIC  FIELDS  (B  j.  =  0) 

For  B  =  0  and  in  the  effective  mass  (m*)  approximation,  the  energy-dispersion  paraboloids  of 
the  two  QWs  are  concentric,  offset  by  4,  as  shown  in  Fig.  1(a)  for  the  ik,  =  0  plane.  For  nonzero  A, 
DC  resonant  tunneling  is  impossible  because  momentum-energy  conservations  cannot  be 
achieved  simultaneously  on  the  Fermi  surface,  owing  to  the  fact  that  the  two  concentric  Fermi  cir¬ 
cles  in  Fig.  1(a)  do  not  intersect  [4].  However,  tunneling  can  occur  through  the  absorption  of  pho¬ 
tons  as  illustrated  schematically  by  the  vertical  arrows,  which  originate  from  the  occupied  states 
of  the  lower  parabola  of  QWl  and  terminate  at  the  vacant  states  of  the  upper  parabola  of  QW2. 
The  shaded  area  indicates  occupied  2D  election  states.  The  absorption  liiieshape  is  sharply  peaked 
at  the  photon  energy  A,  yielding  possible  applications  to  IR-detector  devices.  The  energy 
mismatch  A  can  be  tuned  by  applying  a  bias  either  between  the  two  QWs  or  to  a  surface  gate.  As 
will  be  shown  later,  the  absorption  decreases  with  T  due  to  the  thermal  depopulation  and  popula¬ 
tion  of  the  lower  and  upper  levels,  respectively. 

In  Bn  applied  in  the  x-direction,  the  in-plane  wave  vector  k  =  (kjj,  ky)  is  still  a  good  quantum 
number  at  low  By  when  the  classical  magnetic  length  is  much  larger  than  the  QW 

widths.  However,  the  two  paraboloids  are  shifted  in  k  space  relative  to  each  other  in  the  IL-diiec- 
tion  by  an  amount  Aky  -  This  is  shown  for  =  0  in  Fig.  1(b)  -  1(c)  for  increasing  By  [1]. 
Here  d  is  the  center-to-center  distance  of  the  QWs.  Inspection  of  Fig.  I  implies  that  the  absorption 
lineshape  should  change  dramatically  with  increasing  By,  as  will  be  shown  below. 

Using  a  linear  response  theory  [5],  the  absorption  is  given  for  B  =  0,  with  or  without  By  and  to 
the  lowest  order  in  the  zero-field  tunneling  integral  by  the  real  part  of  the  tunneling  conduc¬ 
tance  of  the  QWs: 


-f(z)-nz+m 


ho) 


•A*(z)Pw(2  +  +  (!<-♦  2), 


(1) 


where y(z)  is  the  Fermi  function  and  pi*(z)  is  the  spectral  density  in  the  i-th  QW: 


Pu(z)  =  r 


n(z-ej,y-^ry,izr 

The  energies  are  given  by 


(2) 


£i»=£(^.)  +  £(ky), 

£„  =  e(t.)+e(*,-M,)+A.  (A*,  =  ^) 

where  e(q)  =  In  (2),  ^^|^z)  is  the  imaginary  part  of  the  self-energy  given  in  the  Bom 

approximation  by  Fn^iz)  =  ri<l(z)  and  r2*(z)  =  r29{z  -  A)  for  short-range  (i.e.,  delta-function) 
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Fig.  2  The  temperature  dependence  of 
G  of  sample  1  at  B  =  0. 
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Fig.  3  The  density  (Ni)  dependence  of  G  of 
sample  la  for  a  fixed  value  of  Ni  -N2  at  B  =  0. 


scattering  potentials.  Here  6{z)  is  a  unit  step  function  and  Tj  and  r2  are  constants. 
In  zero  magnetic  field  (i.e.,  B  =  0),  G(oi)  in  (1)  can  be  approximated  as 


G(fi))  = 


h^o)  (ho)  -  Af  + 


1  , 


(4) 


where  r=  Tj  +  r2,  /3  =  p2D  =  w*5/(7r/$^)  is  the  2D  density  of  states,  S  is  the  QW  area,  and 

is  the  larger  of  A  and  Eq.  (4)  is  exact  in  the  limit  — >  0  or  f2  — >  0.  The  lineshape  is 

peaked  at  Ao)  =  A.  The  chemical  potential  /x  is  a  function  of  the  2D  densities  Ni,  N2,  and  T.  In  Fig. 
2,  we  show  zero-field  G  for  n-type  GaAs/AlGaAs  DQWs  (sample  1)  with  =  1.74,  N2  =  0.95 
(X 10^^  cm'^),  A  =  2.83  meV,  m*  =  0.067mo  (mg  is  the  free  electron  mass),  d  =  21.5  nm,  and  J  = 
0.04  meV  [5, 6].  The  T  =  0  K  value  of  r=  0,3  meV  corresponds  to  the  mobility  of  57 .4X 10^ 
cm^A^sec.  Independent  phonon  contributions  Fp^  are  added  to  F  =  0.3  meV  for  T  =72  K  and  300 
K.  Here  Fp^  is  obtained  from  mobility  data  [7].  At  r=  300  K,  the  absorption  is  weak  due  to  the 
depopulation  (population)  of  the  lower  (upper)  level  but  has  a  width  much  smaller  than  k^T due  to 
phase  restrictions  unique  to  2D-2D  tunneling.  The  absorption  improves  significantly  for  large  iVj. 
This  is  seen  in  Fig.  3  where  we  show  the  absorption  for  sample  la  for  increasing  Ni  with  a  con¬ 
stant  resonance  energy  A  (i.e.,  constant  -  N2).  Sample  la  is  identical  to  sample  1  except  that  it 
has  F=  2.2  meV  at  300  K,  corresponding  to  the  phonon-limited  mobility  of  8X10^  cm^/Vsec. 

In  an  in-plane  magnetic  field,  the  field-induced  broadening  of  the  absorption  lineshape  arising 
from  the  relative  displacement  of  the  dispersion  parabolas  of  QWl  and  QW2  is  much  larger  than 
Fin  a  high-mobility  structure.  In  this  limit  (i.e.,  in  the  limit  Fj  —  F2  —  0),  we  reduce  (1)  to 


where  e*  =  £(ky\  ky*  =  [(A  -  Acoye(e^)  +  and 


(5) 


F(z)  =  4‘ 


_ ^ _ 

exp[j3(e(^,)-i-z-;i)]  +  r 


(6) 


At  r  =  0,  G  in  (5)  can  be  evaluated  exactly  [8].  Its  sensitive  B||-dependence  is  seen  in  Fig.  4  for 
sample  1.  The  B||  =  0  T  lineshape  is  for  F  =  0.3  meV.  DC  tunneling  is  turned  on  at  J?||  =  0.84  T, 
where  the  two  Fermi  circles  touch  tangentially  from  inside  as  illustrated  in  the  inset.  The  absorp- 
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Fig.  4  The  £||-dependence  of  G  of  sam-  Fig.  5  The  temperature  dependence  of  G  of 

pie  1  with  r=0  meV  for  >  0  T,  and  F  sample  1  at  B|  =  0.84  T  with  F- 0  meV. 

=  0.3  meV  for  J8||  =  0  T. 

tion  diverges  as  for  o)  0.  B|pdependeni  behavior  of  the  DC  tunneling  conductance  has 
been  studied  earlier  in  detail  and  will  not  be  discussed  here  [4  -  6, 9].  The  deep  minimum  in  the  B| 
-  dependent  absorption,  with  sharp  cusps  at  both  edges,  arises  from  the  forbidden  absorption  into 
the  Fermi  sea  of  QW2.  The  sharp  cusps  and  absorption  edges  are  rounded  for  F>0.  The  absorp¬ 
tion  minimum  is  absent  for  sample  2  in  Fig.  6.  The  parameters  of  sample  2  are  the  same  as  those 
of  sample  1  except  that  QW2  is  empty  (i.e.,  N2  =  0)  and  A  -  6.7  mcV.  The  physical  origin  for  the 
absorption  edges  (/IG^)  and  the  cusps  {^±)  in  Fig.  4  are  illustrated  in  Fig.  1.  The  sharp  edges  of 
G  are  rounded  at  finite  T  as  shown  in  Fig.  5  at  By  =  0.84  T  for  sample  1. 

TUNNELING  ABSORPTION  IN  TILTED  MAGNETIC  FIELDS  (B  >  0) 

When  a  perpendicular  component  B  //  z  is  added  to  an  in-plane  field  By,  Landau  levels  are 
formed  and  the  plane  wave  picture  above  is  no  longer  valid.  The  interwell  tunneling  integral 
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Fig.  6  Absorption  per  area  of  sample  2 
with  N2-0,F- 0.3  meV  for  By  =  0  T,  and 
r  =  0  meV  for  By  >  0  T. 


Fig.  7  Integrated  absorption  per  area  of  sample  3 
for  B  =  2.8  T.  The  inset  illustrates  the  absorption 
spectra. 
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between  Landau  levels  n  and  n'  is  given  by  [10] 


where  n>  (« J  is  the  larger  (lesser)  of  (n,  n').  L„”^(x)  is  the  associated  Laguerre  polynomial  and  x  = 
a^/2  =  (d//||rB|/2B Note  that  =  JoS„  „'  for  B\i  =  x  =  0,  namely,  only  the  n  n'  =  n  interwell 
transitions  are  allowed  in  the  absence  of  fi||. 

The  absorption  is  given  by 


-Pl«  (^)P2n'  (Z  +  +  (1  <->  2), 


where  g  =  5/(2 is  the  Landau  level  degeneracy  per  spin,  =  i^c/e  and 

p,(,)=i _ ^ _ 


Here  r^jiz)  is  the  imaginary  part  of  the  self-energy  for  the  Landau  level  energies  given  by 

£ln  =  (^  + 

where  Wj,  =  eBJm*c.  Eqs.  (8)  -  (10)  can  be  reduced  to  Eqs.  (1)  -  (3)  by  using  asymptotic  expres¬ 
sions  for  L^{x)  in  the  limit  — >  0  (i.e.,  x  ^  «0  [1 1]. 

According  to  (7),  tunneling  can  occur  only  between  the  Landau  levels  with  same  quantum  num¬ 
bers  n  in  the  absence  of  B\\.  With  nonvanishing  B||,  the  intensities  of  n  ->  n  transitions  diminish 
while  those  of  n  — >  n'  (t*^  «)  transitions  grow  from  zero  initially  and  then  oscillate  with  increasing 
B||.  This  is  illustrated  in  Fig.  7  for  symmetric 

DQWs  (sample  3)  for  T— >  0.  Here,  resonant  \  Asymmetric  Double  Quantum  Wells 

photon  energies  are  given  by  ho)  -  Sn^co^  ~e  \ 
where  =  n'- n  =  1, 2, The  parameters  of  S  a(o-»o,  i-»i)  ^ 

sample  3  are  given  by  =  A/2  =  4X 10^  ^  cm'^,  5  T  *«.  4  -  k  d  ^  o)  | 

Jo  =  0.04  meV,  andd=  17.5  nm.  Three  Landau  |  30  .  \  /'  ’  — ' — — ^ 

levels  are  filled  at  Bx  =  2.8  T,  where  \/  \  I  b^,>o 

meV.  Resonant  DC  (i.e., « ->  n)  tunneling  is  ^  V  \  I  I 

negligible  because  the  Fermi  level  is  halfway  ^  20  -  \  S  |_J — | — 

between  the  Landau  levels  n  =  2  and  n  =  3,  |  /  \  \  *  a-*4.c  a  a+k 

where  the  density  of  states  is  zero.  The  intensi-  2  /  \ 

ties  for  the  ^<0  =  and  no)  =  3n(Oo  absorp-  •£  / 

tion  arise  from  the  superpositions  of  two  and  ~  . 

three  transitions  respectively  as  indicated  in  °o  5  10 

Fig.  7.  As  a  result,  their  minima  do  not  become  B,  1  (t> 

zero. 

In  Fig.  8,  we  plot  the  integrated  absorption  Fig.8  Integrated  absorption  per  area  of  sample 

from  sample  4  where  only  QWl  has  carriers.  4  for  =  2.1  T  with  N2  =  0.  The  inset  illus- 

For  sample  4,  Aj  =  2X 10^ ^  cm"^,  A2  =  0,  A  =  trates  the  absorption  spectra. 

5.0  meV,  Jq  =  0.04  meV,  and  d  =  17.5  nm  at  B 
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=  2.1  T,  where  -  3.6  meV  and  two  Landau  levels  n  =  0, 1  of  QWl  are  filled.  Note,  however, 
that  some  electrons  migrate  back  to  QW2  from  QWl  (i.c.,  N2  >  0)  at  Bj^=  0  since  the  Fermi 
energy  (at  Bjl  =  0  T)  is  larger  than  <4.  In  this  sample,  transitions  0  -»  fin  (fin  =  0, 1,  •)  and  1  1  + 

fin  (fin  =  -1,0, 1,*  •)  from  QWl  to  the  empty  levels  of  QW2  yield  resonant  absorption  of  photons 
of  energy  hui  -  +  4  as  shown  in  Fig.8.  The  intensity  for  the  4<u  =  4  transition  drops  with 

increasing  B|{,  while  that  olihut-  fin^ru^  +  4  (fin  #  0)  transition  grows  from  zero  and  oscillate. 

CONCLUSIONS 

We  have  employed  a  linear-response  theory  to  study  the  interwell-tunneling  absorption  in  tilted 
magnetic  fields  in  weakly-coupled  n-type  symmetric  and  asymmetric  double  QWs  with  a  tunable 
energy  mismatch  between  the  two  ground  sublevels.  Photon-assisted  tunneling  occurs  between 
the  ground  sublevels  of  the  QWs.  We  have  shown  that  applied  magnetic  fields  sensitively  alter  the 
threshold  energy,  the  resonance  energy,  and  the  linewidth.  In  zero  magnetic  field,  the  absorption 
intensity  decreases  significantly  as  the  linewidth  increases  with  the  temperature.  The  absorption 
intensity  depends  strongly  on  the  electron  density.  In  magnetic  fields,  both  the  in-plane  and  per¬ 
pendicular  components  of  the  field  are  found  to  sensitively  control  and  tune  the  absorption  line 
shape  in  very  different  ways.  The  perpendicular  component  of  the  field  tunes  the  cyclotron  eneigy, 
relative  positions  of  the  two  Landau  ladders  for  asymmetric  QWs,  and  the  interwell  spectral  over¬ 
lap  of  the  density  of  states  of  the  Landau  levels.  In  the  absence  of  a  perpendicular  component  of 
the  field,  the  in-plane  field  merely  shifts  the  relative  separation  of  the  energy-di^iersion  parbo- 
loids  of  the  two  QWs  in  k-space,  tuning  the  absorption  maxima,  minimum,  and  the  absorption 
edges.  In  the  presence  of  a  finite  perpendicular  component  of  the  field,  however,  the  in-plane  field 
also  modulates  the  effective  tunneling  strength  by  displacing  the  centroid  of  the  two  Landau-level 
wave  functions  involved  in  the  transition. 
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ABSTRACT 

We  demonstrate  long  wavelength  quantum  well  infrared  photodetectors  (QWIP) 
with  GaAs  quantum  wells  and  GalnP  barriers  grown  using  gas-source  molecular  beam 
epitaxy.  Wafers  were  grown  with  vaiydng  well  widths.  The  optimum  well  width  was 
75  A,  which  resulted  in  a  detection  peak  at  13|im  and  a  cutoff  wavelength  of  15  )im. 

Dark  current  measurements  of  the  samples  with  15  \im  cutoff  wavelength  show  low 
dark  current  densities.  Preliminary  focal  plane  array  imaging  is  demonstrated. 

INTRODUCTION 

Very  long  wavelength  infrared  detectors  with  response  in  the  12-20  pirn  regions  are 
needed  for  atmospheric  observation  and  space  astronomy  focal  plane  array  imaging 
applications^  Quantum  well  infrared  photodetectors  (QWIPs)  have  a  number  of  advantages 
over  conventional  mercury  cadmium  telluride  (MCT)  or  silicon  blocked  impurity  band  (BIB) 
detectors  in  the  very  long  wavelength  infrared  spectral  region.  In  comparison  to  MCT,  these 
include  more  mature  materials  growth  and  processing  technology  with  greater  uniformity  and 
larger  substrate  areas  available,  possibility  of  monolithic  integration  with  GaAs  signal  processing 
electronics  (and  even  Si  electronics  with  GaAs  on  Si  growth),  improved  thermal  stability, 
radiation  hardness,  and  inherent  high  speed  with  advantages  for  heterodyne  detection  and 
ranging.  These  advantages  are  particularly  desirable  for  large  area  imaging  arrays.  Background 
limited  detectivities  of  5  x  lO"  cm  ^[Hz  W*^  at  52K  with  a  15  pm  cutoff  wavelength  have  been 
reported  in  GaAs/AlGaAs  detectors^  which  is  a  higher  temperature  then  the  ~10  K  required  for 
BLIP  detection  using  Si(BIB)  detectors. 

In  this  paper  we  concern  ourselves  with  GaAs/GalnP  MQW  detectors  with  cutoff 
wavelengths  near  15  pm.  Lattice-matched  GaAs-GalnP  heterostructures  have  the  advantages 
of  an  ultralow  surface  recombination  velocity^  very  low  interface  roughness'*  an  absence  of  the 
deep  level  traps  associated  with  DX  centers  and  oxygen  defects  in  AlGaAs,  and  an  order  of 
magnitude  higher  electron  mobility  than  AlGaAs’  The  excellent  optical  and  electrical  properties 
of  GaAs/GalnP  and  GaAs/GalnAsP  heterostructures  have  been  demonstrated  in  such  diverse 
devices  as  solid-state  lasers,  heterojunction  bipolar  transistors,  and  tandem  solar  cells^. 
Aluminum-free  GalnAsP  based  QWIPs  have  been  reported  with  peak  response  wavelengths 
from  3  to  10  pm."^’*”  In  this  paper,  we  report  new  results  for  n-type  GaAs/GalnP  QWIPs  with 
cut-off  wavelengths  greater  than  10  pm. 
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EXPERIMENT 


We  have  made  measurements  on  GaAs/GalnP  samples  grown  by  gas-source  molecular 
beam  epitaxy  (GSMBE)  on  (100)  semi-insulating  GaAs  substrates.  Three  different  wafers  were 
grown  with  GaAs  well  widths  of  30A,  65 A,  and  75 A  respectively.  Each  sample  superlattice  had 
20  periods.  The  silicon  doping  in  the  quantum  wells  was  5  x  lO'^  cm*^.  The  barriers  were 
undoped.  The  QWIPs  were  grown  on  a  1  pm  thick  buffer  layer  of  n+  GaAs  and  had  a  0.5  pm 
thick  n+  cap  layer  (both  doped  to  n=3xl0“  cm*’)  which  swved  as  ohmic  contacts  to  the  active 
photodetection  region.  The  structural  quality  and  parameters  of  the  grown  layers  were  verified 
by  double-crystal  x-ray  diffraction  and  simulation.  The  key  sample  parameters  are  given  in 
Table  I.  The  material  was  processed  into  400  pm  square  mesa  geometry  detectors  with 
individual  top  and  bottom  AuGe/Ni/Au  ohmic  contacts.  Prism  coupled  devices,  in  which  the 
light  was  incident  on  a45°  bevel  polished  on  the  substrate  were  fabricated.  Small  arrays  of  these 
mesas  were  indium  bonded  on  a  copper  heat  sink  and  mounted  in  a  cryostat  with  a  ZnSe 
window  providing  a  60®  field  of  view. 

Table  I.  Nominal  sample  parameters:  well  width  Lw,  barrier  width  Lt„  well  electron  density  N,. 

Sample  U  U  N,  (lo^^  cm-^) 


A 

40 

500 

5.0 

B 

65 

500 

5.0 

C 

75 

500 

5.0 

RESULTS 


Relative  responsivity  measurements  were  made  using  a  Fourier  transform  spectrometer 
with  the  sample  as  detector  biased  in  scries  with  a  low  noise  current  amplifier.  Absolute 
responsivity  measurements  were  made  using  a  Mirkon  infiared  blackbody  source  chopped  at  40 
Hz  together  with  phase  sensitive  detection.  Representative  responsivity  curves  for  the  three 
samples  are  shown  in  Fig.  1.  The  spectral  response  characteristics  of  the  detectors  are 
summarized  in  Table  II. 

The  I-V  characteristics  of  the  QWIP  were  measured  using  an  HP  41 55  A  Semiconductor 
Parameter  Analyzer.  The  measurement  was  made  at  several  temperatures  from  40  K  to  300  K 


Figure  1  .Normalized  Optical  Response  at  77K 


Table  -II.  Responsivities  in  AAV  (-4  V, 
78K)  for  the  three  samples  as  well  as  the 


Sample 

A 

B 

C 

K 

10.4 

12.78 

13.3 

Xc 

13.4 

14.85 

15.34 

FWHM 

6pm 

4.25pm 

4.1pm 

185 

meV 

37  meV 

42  meV 

Rp 

(AAV) 

0.004 

0.08 

0.140 
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by  using  a  variable  flow  liquid  helium  cryostat.  Figure  1  shows  the  dark  currents  measured  at 
different  temperatures.  A  cold  shield  is  used  to  shield  the  300K  black  body  radiation  from  the 
cooling  chamber.  The  observed  asymmetry  with  bais  may  be  due  to  an  asymmetric  QW 
potential  profile  or  doping  impurity  segregation.  The  dark  current  density  at  77K  as  a  function 
of  electic  field  is  shown  in  Figure  3.  The  results  of  Levine^  for  a  GaAs/AIGaAs  QWIP  with 
similar  well  doping  density,  and  cutoff  wavelength  is  shown  for  comparison.  The  smaller  dark 
current  may  be  due  to  GaInP’s  larger  mobility,  smaller  surface  recombination  velocity,  or 
smaller  interface  roughness  by  comparison  to  AlGaAs. 


Figure  2.  Measured  QWIP  dark  current 
from  30  to  77  K  with  a  cold  shield  for  the 
wafer  with  65  A  wells. 


Figure  3.  Measured  dark  current  density  for 
sample  C  compared  to  GaAs/ AlGaAs  results 
in  reference  2. 


In  order  to  evaluate  the  specific  detectivity  D*  of  these  detectors  we  have  directly 
measured  the  noise  voltage  using  a  spectrum  analyzer  at  T=77K.  D*  is  defined  as 

(1) 

(where  A  =  1.6  x  10'^  cm^  is  the  detector  area).  For  example,  for  sample  C  at  T=77K,  in  =  1.7 
pA/V^  and  Rp  =  0.01  A/W  at  Vb  =  0.75  V,  resulting  in  a  D*  of  2.4  x  10*  cm  -Jlh  W\  The 
detectivity  of  sample  C  as  a  function  of  bias  is  shown  in  Figure  4.  A  comparision  of  these 
GaAs/GalnP  results  with  published  results  for  GaAs/ AlGaAs  QWIPs*^  is  shown  in  Figure  5. 


10*1 


10*  "H — ' — 1 — ■ — I — ' — I — ■ — 1 — ' — I — ' — I — — I — ' — ( — ■ — I 
0.0  -0.5  -1.0  -1.5  -20  -2.5  -3.0  -3.5  -4  0  -4.5 

Bias  ( V ) 

Figure  4.  Detectivity  versus  bias  voltage  for 
sample  C  measured  at  T=77K. 


Figure  5.  Detectivity  of  sample  C  compared 
with  the  GaAs/ AlGaAs  data  of  reference  1 1 . 
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Preliminary  fabrication  of  infrared  focal  plane  array  staring  cameras  has  been  carried  out 
using  GaAs/GalnP  QWIPs.  Shown  in  Figure  6  is  an  infrared  image  collected  with  the  array.  It 
is  an  image  of  the  hottest  tip  area  of  a  soldering  iron.  Complete  characterization  of  the  array 
has  not  been  completed  and  will  be  reported  elsewhere. 


Fig.6.  Infrared  image  of  the  tip  of  a  hot  soldering  iron. 


CONCLUSION 

In  summary,  we  have  demonstrated  15  ^im  cut-off  wavelength  quantum  well  infrared 
photodetectors  fabricated  using  n-doped  GaAs/GalnP  quantum  wells.  Dark  currents  for  these 
samples  are  smaller  than  equivalent  GaAs/AlGaAs  QWIPs.  Preliminary  infrared  focal  plane 
imaging  has  been  demonstrated. 
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ABSTRACT 

A  survey  is  given  about  the  potential  use  of  Si/SiGe  heterostructures  for  applications  in  the 
mid-infrared  spectral  range.  We  discuss  theoretical  foundations  and  experiments  of 
intersubband  absorption  in  p-type  Si/SiGe  quantum  wells  and  show  that  due  to  the  complex 
valence-band  structure,  normal-incidence  absorption  can  be  observed.  On  the  basis  of  these 
quantum  wells,  mid-infrared  detectors  were  fabricated  and  characterized  in  terms  of 
responsivity,  dark  current  and  detectivity.  In  asymmetric,  compositionally  stepped  quantum 
wells  second  harmonic  generation  of  CO2  laser  radiation  has  been  demonstrated. 

INTRODUCTION 

Traditionally,  narrow-gap  III-V  and  II- VI  semiconductors  such  as  InSb  and  HgCdTe  have 
been  the  materials  of  choice  for  infrared  applications,  since  their  band  gap  of  a  few  hundred 
meV  corresponds  to  wavelengths  of  a  few  microns.  Recently,  however,  a  dramatic  change  has 
occurred  through  the  availability  of  MBE  grown  quantum  wells  (QWs)  and  superlattices  based 
on  a  variety  of  different  material  systems.  In  such  structures  infrared  (IR)  radiation  can  interact 
with  with  the  quantized  energy  levels  (subbands)  in  semiconductor  quantum  wells,  the  resonant 
wavelength  being  determined  by  the  well  thickness  and  the  effective  mass,  but  not  by  the 
fundamental  energy  gap  [1].  Based  on  this  concept  of  intersubband  transitions,  both  IR  lasers 
(Quantum  Cascade  Lasers)  [2]  and  IR  detectors  (Quantum  Well  Infrared  Photodetectors, 
QWIPs)  [3]  have  already  been  demonstrated  using  the  the  (Al)GaAs  [3]  and  the  InGaAs/InAIAs 
[2]  system,  respectively.  Also  nonlinear  optical  effects  [4,5]  have  been  reported.  Owing  to  the 
great  progress  in  epitaxial  growth  techniques,  intersubband  transitions  have  also  been  observed 
in  Si/SiGe  structures,  which  are  of  special  interest  due  their  compatibility  with  standard  Si 
technology  and  electronics. 

In  the  present  paper  we  will  discuss  the  general  features  of  intersubband  absorption  in  p- 
type  Si/SiGe  quantum  wells  and  present  experimental  data  on  a  series  of  samples  with  different 
parameters.  As  an  application  we  describe  the  realization  of  a  Si/SiGe  quantum  well  infrared 
photodetector  (QWIP)  and  its  performance.  Finally  we  present  some  results  on  a  nonlinear 
optical  process,  the  infrared  second-harmonic  generation  in  an  asymmetric,  compositionally 
stepped  quantum  well  structure. 

GENERAL  CONSIDERATIONS 

The  major  part  of  works  on  intersubband  transitions  in  quantum  wells  has  employed  the 
confinement  of  electrons  in  the  condunction  band,  which  are  located  at  the  F-point  in  many 
semiconductors.  Due  to  the  symmetry  and  the  simplicity  of  the  respective  band  structure,  in  this 
case  intersubband  transition  are  only  allowed  for  radiation  containing  a  polarization  component 
along  the  growth  axis  (z-direction).  In  order  to  couple  the  IR  radiation  to  the  electronic 
transition,  a  multipass  waveguide  geometry  is  frequently  used,  where  the  light  is  coupled  into 
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the  sample  at  a  wedged  facet  and  subsequently  undergoes  several  total  internal  reflections  [61. 
The  s-polarization  contains  only  an  electric-field  component  in  the  layer  planes  (xy  direction), 
whereas  the  p-polarization  contains  both  xy  and  z  components  and,  therefore,  couples  to  the 
intersubband  transition.  In  addition,  if  the  active  multiquantum  well  (MQW)  layer  is  close  to  the 
sample  surface  and  its  thickness  is  much  smaller  than  the  resonant  wavelength  of  the  radiation, 
the  electromagnetic  boundary  conditions  require  a  metal  layer  to  be  deposited  on  the  sample 
surface  in  order  to  make  the  z  polarized  transitions  observable  [7]. 

In  Si/SiGe  heterostructures  significant  electron  confinement  (in  Si)  can  only  be  achieved 
when  the  QWs  are  grown  on  a  thick,  relaxed  SiGe  alloy  buffer  (often  with  graded  Ge  content). 
When  grown  pseudomorphically  on  Si,  which  is  preferred  because  of  its  simplicity,  most  of  the 
band  offset  occurs  in  the  valence  band  leading  to  confinement  of  holes  in  the  SiGe  layers.  Due 
to  the  coupling  of  heavy-hole  (HH),  light-hole  (LH),  and  spin-orbit  split-off  (SO)  bands,  such 
p-type  quantum  wells  exhibit  a  much  more  complex  band  structure.  However,  as  a 
consequence  of  this  coupling,  some  optical  transitions  are  also  allowed  for  xy-polarized 
radiation  [8-15].  This  is  why  p-type  quantum  wells  are  well  suited  for  normal-incidence 
infrared  detectors  [13-15]  and  SiGe  quantum  wells  grown  pseudomorphically  on  Si  arc  a  good 
candidate  for  IR  device  applications. 

SAMPLES 

All  the  investigated  samples  were  grown  by  molecular  beam  epitaxy  (MBE)  in  a  commercial 
chamber  (Ribcr  SIVA  32)  at  the  Walter  Schottky  Institute  on  n-type  (p  =  1500  Qcm)  Si  (001) 
substrates.  They  typically  consist  of  10-30  periods  of  Sii-xGcx  quantum  wells  with  a  thickness 
of  20  -  70  A  and  a  Ge  content  of  20  -  60%.  The  thickness  of  the  Si  barrier  varies  between  150 
A  and  500  A.  Boron  doping  was  introduced  cither  into  the  barriers  (modulation  doping)  or  into 
the  wells,  resulting  in  areal  hole  densities  of  0.4  -  3  x  10^^  cm‘^  per  quantum  well.  Routine 
characterization  was  performed  by  high-resolution  triple-axis  x-ray  diffraction  and  reciprocal 
space  mapping  [16]. 

INTERSUBBAND  ABSORPTION 

Intersubband  absorption  in  quantum  wells  was  first  reported  by  West  and  Eglash  [17]  in  n- 
type  GaAs,  and  later  on  in  many  other  material  systems,  both  n-  and  p-type.  Hole  intersubband 
absorption  in  SiGe  quantum  wells  has  been  observed  by  several  groups  [12,13,15,18-20], 
initially  on  very  highly  doped  structures  [13],  where  the  absorption  spectra  were  dominated  by 
frec-carrier  [18]  and  plasma  [12]  effects.  Only  recenUy  has  a  coherent  picture  emerged  about  the 
various  transitions  involved  in  the  absorption  process. 

The  intersubband  absorption  experiments  reported  here  were  performed  with  a  Bnikcr 
Fourier  transform  spectrometer  (FTS).  The  samples  were  prepared  in  the  waveguide  geometry 
discussed  above  with  a  metal  layer  deposited  on  top  and  were  placed  in  a  liquid-Hc  flow 
cryostat.  Most  measurements  were  performed  at  T  =  10  K. 

Fig.  1  shows  absorption  spectra  of  several  quantum  well  samples  obtained  by  dividing  the 
p-polarized  transmission  by  the  s-polarized  transmission,  and  further  normalized  to  the  same 
transmission  ratio  of  an  undoped  Si  substrate  prepared  in  the  same  manner.  Any  possible  s- 
polarized  absorption  is  shorted  out  by  the  metal  layer  on  the  surface.  The  experimental  spectra 
are  represented  by  the  solid  lines. 

In  order  to  understand  the  position  and  the  shape  of  the  absorption  lines,  we  have 
performed  a  self-consistent  6-band  Luttinger-Kohn  type  envelope  function  calculation  [20], 
which  takes  into  account  the  band  bending  due  to  charge  transfer,  the  exchange-correlation 
correction  within  the  local  density  approximation,  the  strain  in  the  quantum  well  and  the  in- 
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Fig.  1;  Transmission  spectra  (T  =  10  K)  of  three  modulation  doped  Si/SiGe  MQWs  with  a  Ge 
content  of  approximately  25  %  and  various  well  widths  as  indicated.  Solid  curves:  experiment. 
Open  (full)  dots:  theory  without  (with)  depolarization  shift  (for  details  see  text). 


1000  1500  2000  2500  '  3000  3500 

Wave  number  (cm'^) 


Fig.  2:  Same  as  Fig.  1,  for  MQWs  with  higher  Ge  content  and  narrower  wells. 
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plane  dispersion  of  the  subbands.  The  resulting  band  structure  was  used  as  an  input  for  a 
dielectric  simulation  of  the  waveguide  structure  [20]  (including  the  multilayer  stack  and  the 
electromagnetic  boundary  conditions).  The  results  of  this  calculation  are  plotted  by  the  open 
symbols  in  Fig.  1.  For  the  two  widest  quantum  wells  also  the  depolarization  shift  [21]  turns  out 
to  be  significant  and  has  been  calculated  in  a  one  band  model.  The  final  result  is  represented  by 
the  full  symbols.  For  all  the  narrower  QWs,  whose  main  intersubband  absorption  occurs  at 
higher  energies,  the  depolarization  shift  is  a  negligible  correction.  The  main  conclusions  from 
the  calculation  are  as  follows  [20].  For  most  samples  the  strong  absorption  line  is  due  to  the 
HH1-HH2  intersubband  transition  and  follows  the  usual  intersubband  selection  rule,  i.e.,  it  is 
only  allowed  for  z-polarized  radiation.  In  the  sample  with  31  A  well  width  and  23%  Ge 
content,  the  HH2  level  is  localized  in  the  barriers  and  the  absorption  goes  to  the  HH3,  HH4  and 
HH5  states,  which  are  located  very  close  to  each  other  and  are  actually  miniband  states  in  the 
continuum.  This  is  why  the  absorption  line  is  quite  broad  and  shows  some  fine  structure  on  the 
high-energy  side.  A  similar  situation  occurs  for  the  very  narrow  wells  (22-23  A)  with  large  Ge 
content  (Fig.  2).  Here,  however,  some  additional  line  broadening  has  to  be  assumed  due  to  the 
diminished  material  quality  at  these  high  Ge  contents  (x  >  50%).  We  would  like  to  point  out 
that  the  only  fitting  parameters  in  the  calculation  are  a  single  line  broadening  parameter  and  a 
correction  factor  for  the  absolute  magnitude  of  the  absorption,  which  is  between  0.5  and  1  for 
each  sample.  This  is  not  surprising,  since  the  hole  concentrations  are  not  known  very 
accurately.  The  above  samples  are  relatively  low  doped  (<  1.2  x  10^2  cm*2),  resulting  in  a 
typical  Fermi  energy  of  only  10  meV.  As  a  consequence,  the  observed  absorption  lines  are 
quite  narrow,  since  only  k-values  near  zero  participate  in  the  absorption.  For  the  same  reason 
xy-polarized  transitions  cannot  be  observed  in  these  samples  (even  when  there  is  no  metal  layer 
on  the  surface);  calculations  show  that  most  of  these  transitions  become  significant  only  at 
much  larger  k-values. 

Therefore  another  sample  was  grown  in  order  to  study  the  polarization  dependence  of  the 
absomtion.  It  consisted  of  30  Si/Sio.7iGco.29  quantum  wells  of  30  A  thickness,  separated  by 
150  A  wide  Si  barriers.  The  p-type  (modulation)  doping  was  increased  to  2.8  x  lO^^  cm'2.  In 
addition,  a  1.25  p.m  undoped  Si  cap  layer  was  grown  on  top.  Because  of  this  set-back  of  the 
MQW  sequence  from  the  surface  and  the  large  number  of  30  periods,  both  polarization 
components  couple  effectively  to  the  respective  transitions  and  the  polarization  dependence  of 
the  absorption  can  be  investigated  on  the  same  sample  piece  [22]. 

The  results  are  shown  in  Fig.  3  by  the  solid  lines.  Here  the  p-  (s-)  polarized  sample 
transmission  is  normalized  by  the  p-  (s-)  polarized  transmission  of  an  undoped  Si  substrate. 
The  s-polarized  spectrum  shows  a  narrow  absorption  line  at  400  cm’^  and  a  broad  feature 
between  1200  and  2500  cm'^,  which  can  be  remarkably  well  reproduced  by  the  calculations 
(lines  with  open  symbols).  Detailed  analysis  of  the  band  structure  shows  [22]  that  the  line  at 
400  cm'l  corresponds  to  the  HHl-LHl  transition,  which  is  allowed  only  for  k^.  The  broad 
absorption  band  consists  of  the  HH1-S02  transition  (between  1800  and  2400  cm'^)  and  a 
transition  to  a  subband  which  has  a  mixed  HH/LH/SO  character  (1200  -  1800  cm'^),  the  latter 
one  again  only  at  k^K).  All  the  final  states  of  the  broad  absorption  feature  are  continuum  bands 
well  above  the  barriers.  The  p-polarized  spectrum  shows  a  strong  line  at  1000  cm'^,  which  can 
be  identified  as  the  "usual"  HH1-HH2  intersubband  transition.  In  order  to  understand  the 
additional  features,  one  must  keep  in  mind  that  the  p  polarization  contains  both  z  and  xy 
components  of  the  electric  field,  so  these  features  are  the  same  as  in  the  s-polarizcd  spectrum. 
Finally  note  that  the  data  between  550  and  650  cm'^  are  very  noisy  (and  therefore  not  shown), 
and  that  the  experimental  spectra  contain  a  background  which  can  mostly  be  ascribed  to  free- 
carrier  absorption  [18]. 
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Fig. 3:  Polarization  dependent 
transmission  spectrum  (at  T  = 
10  K)  of  a  Si/SiGe  MQW 
with  parameters  as  indicated. 
Solid  curves:  experiment. 
Lines  connected  by  open 
dots:  calculation.  Note  that 
the  s-  polarization  contains 
only  xy  electric-field  compo¬ 
nents,  whereas  the  p-polari- 
zation  contains  both  z  and  xy 
components. 


INFRARED  DETECTORS 

Efforts  for  the  development  of  infrared  detectors  based  on  quantum  wells  were  started  to 
provide  an  alternative  for  the  most  frequently  employed  HgCdTe.  Many  investigations  were 
focused  on  GaAs  based  devices  [3],  but  recently  also  SiGe  QWIPs  have  been  reported  [15], 
which  have  the  advantage  of  being  compatible  with  standard  Si  technology  and  electronics.  A 
SiGe  based  QWIP  structure  utilizes  transitions  from  the  ground  state  (HHl)  to  excited  states 
which  are  close  to  or  above  the  barriers,  so  the  photo-excited  holes  can  give  rise  to  a 
photocurrent  [3].  Furthermore  the  Si  barriers  have  to  be  thick  in  order  to  minimize  the  dark 
current  (i.e.,  make  the  tunneling  contribution  to  the  dark  current  negligible)  and  the  MQW 
layers  have  to  be  enclosed  between  heavily  doped  p-type  contacts.  For  recent  volumes  on 
QWIP's  (both  Si/SiGe  and  other)  see  Ref.  23. 

The  detector  structure  presented  here  [24]  consists  of  10  periods  of  30  A  thick 
Si/Sio.65Geo.35  quantum  wells  which  are  separated  by  500  A  thick  Si  barriers.  For  detector 
structures  it  appears  more  appropriate  to  introduce  the  doping  directly  into  the  quantum  wells 
(1.5  x  10^2  cm‘2  in  the  present  case),  since  modulation  doping  would  lead  to  band  bending  and 
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thus  to  an  effective  decrease  of  the  barrier  width  and  height.  Also  photo-excited  carriers  could 
gel  trapped  in  the  barriers. 

The  samples  were  processed  into  200  |im  x  200  pm  square  mesas  by  reactive  ion  etching. 
Standard  metallization  was  applied  to  the  contact  layers.  The  photoresponse  measurements  were 
performed  both  under  direct  normal  incidence  and  by  coupling  through  a  wedged  facet.  The 
latter  geometry  allows  one  to  analyze  the  polarization  dependence.  Fig.  4  shows  the  results  of 
these  measurements  at  T  =  77  K.  A  peak  responsivity  of  50  mA/W  is  observed  at  a  wavelength 
of  X,p  =  5  pm  and  a  bias  voltage  of  Vb  =  3  V  (increasing  to  75  mAAV  at  Vb  =  4  V),  a  value 
comparable  to  p-type  GaAs  QWIPs  (14],  but  smaller  than  for  n-type  GaAs  QWIPs  (3).  Quite 
surprisingly,  the  response  is  higher  in  s-polarization  than  in  p-polarization  [25],  which  is  in 
contrast  to  the  transmission  results  on  similar  samples.  A  reason  for  this  may  be  the  influence 
of  the  final  state  in  the  absorption  process  on  the  photo-excited  carrier  transport  [26].  z- 
polarized  radiation  excites  holes  mainly  into  the  HH2  state,  wheras  xy  polarized  radiation 
excites  them  into  the  LH  and  SO  states;  since  the  latter  arc  higher  in  energy  and  have  a  smaller 
effective  mass,  transport  may  be  more  efficient  here.  Also  note  that  the  p-polarizcd  spectrum 
contains  both  z  and  xy  electric-field  components.  This  is  why  the  spectral  shape  for  s-  and  p- 
polarization  is  quite  similar  except  for  the  long-wavelength  cut-off,  where  the  p-absorption  is 
dominated  by  the  HH1-HH2  transition. 

For  further  characterization  the  dark  current  was  measured  as  a  function  of  temperature, 
which  is  shown  in  Fig.  5.  The  dashed  lines  indicate  the  contribution  of  the  3(X)  K  background 
radiation  to  the  photocurrent.  From  the  intersection  points  it  can  be  concluded  that  background 
limited  performance  (BLIP)  is  achieved  at  temperatures  as  high  as  85  K  for  Vb  =  0.8  V. 
Combining  the  responsivity  and  dark  current  results  we  obtain  a  detectivity  of  D*  =  2x10^® 
cm^Hz/W  at  T=  77  K  and  Vb  =  0.8  V.  At  higher  bias  D*  of  course  drops  due  to  the  increasing 
dark  current.  The  activation  energy  which  can  be  extracted  from  the  dark-current  curves  agrees 
very  well  with  the  p-polarized  cut-off  wavelength  [24]. 


WAVELENGTH  X  {[im) 

Fig.  4:  Spectral  photoresponse  of  the  Si/SiGe  detector  (at  T  =  77  K)  for  a  bias  voltage  of  Vb  = 
3  V.  Shown  are  the  spectra  taken  at  normal  incidence,  with  s  polarization,  and  p  polarization. 
The  corresponding  experimental  geometries  arc  shown  in  the  inset. 
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Fig.  5;  Detector  dark  current  as  a  function  of  bias  voltage  for  temperatures  T  =  5,  10,  30,  50, 
70,  77,  90,  1 10,  130,  and  150  K.  The  dashed  line  is  the  photocurrent  generated  by  the  room- 
temperature  background  radiation  entering  through  the  dewar  window. 


SECOND  HARMONIC  GENERATION 

Intersubband  optical  transitions  cannot  only  be  utilized  for  linear  absorption  processes,  but 
also  for  nonlinear  optical  phenomena.  However,  in  order  to  make  second-order  nonlinear 
processes  possible,  the  inversion  symmetry  of  the  quantum  well  has  to  be  broken.  This  can  be 
done  by  growing  asymmetric  coupled  quantum  wells  or  compositionally  stepped  quantum 
wells,  as  has  been  demonstrated  for  several  III-V  semiconductor  systems  [4,5].  We  have  used 
the  latter  type  to  investigate  the  frequency  doubling  of  10.6  pm  CO2  laser  radiation.  The 
Si/SiGe  system  is  different  from  the  III- Vs,  since  the  substrate  is  inversion  symmetric  and 
does  not  posses  a  second-order  nonlinear  susceptibility. 

The  sample  consisted  of  15  stepped  quantum  wells  with  36  A  Sio.75Geo.25.  19  A 
Sio.57Geo.43,  separated  by  200  A  Si  barriers.  The  doping  was  placed  in  the  quantum  wells  with 
an  areal  hole  concentration  of  p  =  2.2x1012  cm"2.  This  structure  is  designed  in  a  way  that  the 
HHl,  HH2  and  HH3  levels  are  separated  by  approximately  120  meV  each,  the  photon  energy 
of  the  CO2  laser.  Thus  the  nonlinear  susceptibility  responsible  for  second  harmonic  generation 
(SHG)  can  be  expected  to  be  enhanced  due  to  the  near-resonant  conditions. 

First  the  linear  absorption  was  measured  in  a  similar  way  as  described  in  section  1.  (Fig.  6). 
A  strong  absorption  peak  is  observed  at  approximately  150  meV,  which  can  be  assigned  to  the 
HHl  -  HH2  transition.  The  shoulder  visible  at  =  230  meV  is  due  to  the  HHl  -  HH3  transition, 
which  is  allowed  because  of  the  broken  symmetry.  The  relative  strength  of  the  two  absorption 
lines  compares  reasonably  well  with  the  calculation,  which  yields  a  3:1  ratio  for  the  HH1-HH2 
and  HH1-HH3  oscillator  strengths,  respectively.  The  absolute  line  positions  deviate  somewhat 
from  the  theoretical  values;  this  can  be  ascribed  to  a  deviation  of  the  actual  sample  parameters 
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from  the  nominal  values  (due  to  the  complicated  layer  structure  X-ray  analysis  does  not  permit  a 
unique  determination  of  the  individual  layer  thicknesses  and  compositions). 

The  SHG  experiment  [27,28]  was  performed  using  a  grating  tunable,  rotating-mirror  Q- 
switched  CO2  laser  yielding  150  ns  pulses  with  a  peak  power  of  2  kW.  The  radiation  was 
focused  onto  the  long  edge  of  the  rectangular  shaped  sample  (focal  spot  170  )i,m  diameter) 
covered  with  a  metal  layer  to  enhance  the  coupling  of  the  z-polarized  radiation.  A  part  of  the 
laser  was  diverted  into  a  pyroelectric  detector  and  used  as  a  power  reference  and  a  trigger 
signal.  The  frequency  doubled  signal  after  the  sample  was  collected  and  focused  with  two  2llnSe 
lenses  into  a  liquid-nitrogen-cooled  InSb  detector.  The  transmitted  10  p.m  laser  radiation  was 
blocked  using  a  sapphire  window  and  a  5  pm  band-pass  filter,  the  latter  to  block  all  thermal 
radiation  which  might  result  from  heating  effects.  Two  polarizers  before  the  sample  were  used 
to  vary  the  laser  power  and  a  polarizer  after  the  sample  to  analyze  the  polarization  of  the  second- 
harmonic  signal.  The  polarization  of  the  incoming  radiation  could  be  rotated  from  vertical  to 
horizontal  with  a  X/2  plate  (only  at  10.6  pm). 

Fig.  7  shows  the  second-harmonic  power  as  a  function  of  input  power  recorded  at  room 
temperature.  Both  the  polarization  of  the  pump  beam  and  the  SHG  radiation  were  polarized 
along  the  growth  axis,  which  implies  that  the  (zzz)  component  of  the  nonlinear  optical 
susceptibility  tensor  is  responsible  for  the  SHG.  A  quantitative  analysis  of  previous  results 
obtained  in  Brewster-angle  geometry  [27]  gave  a  numerical  value  of  X^^^zzz  =  5  x  10"®  mA^,  in 
rough  agreement  with  a  theoretical  estimate.  In  the  present  measurement  a  much  better  coupling 
efficiency  is  achieved,  however,  for  a  quantitative  evaluation  a  mode  propagation  analysis 
appears  to  be  necessary. 

In  a  similar  manner  as  xy  polarized  absorption  can  be  observed  in  p-type  quantum  wells, 
also  other  components  are  expected  to  finite,  as  has  been  demonstrated  for  p-GaAs 
quantum  wells  [29].  To  clarify  this  issue  for  Si/SiGe  quantum  wells,  more  experimental  work 
is  required  using  different  sample  geometries. 


Fig.  6:  Transmission  spectrum  of  the  compositionally  stepped  Si/SiGe  MQW  structure  recorded 
at  T  =  10  K.  The  HH1-HH2  and  HH1-HH3  transitions  are  indicated. 
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Fig.  7:  Second-harmonic  power  vs  input  pump  power.  The  solid  line  is  a  quadratic  fit  to  the 
experimental  points. 


SUMMARY 

We  have  presented  a  number  of  experiments  which  show  that,  due  to  the  matured  growth 
techniques  and  the  resulting  material  quality,  Si/SiGe  quantum  wells  can  be  engineered  as  a 
material  system  useful  for  infrared  applications.  We  have  shown  that  a  basic  understanding  of 
intersubband  absorption  can  be  obtained  in  Si/SiGe  quantum  wells  and  that  this  knowledge  can 
be  exploited  for  the  development  of  devices  such  as  infrared  detectors  or  for  nonlinear  optical 
phenomena  such  as  second-harmonic  generation.  A  great  challenge  for  the  future  remains  the 
possible  realization  of  a  Quantum  Cascade  Laser  based  on  Si/SiGe  [30]. 
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A  NOVEL  INFRARED  SiGe/Si  HETEROJUNCTION  DETECTOR  WITH  AN  ULTRATHIN 
PHOSPHORUS  BARRIER  GROWN  BY  ATOMIC  LAYER  DEPOSITION 

R.  Banisch,  B.  Tilack,  M.  Pierschel,  K.  Pressel,  R.  Barth,  D.  Krtiger,  and  G.  Ritter,  Institute  for 
Semiconductor  Physics,  P.O.  Box  409,  D- 15204  Frankfurt(Oder),  Germany,  banisch@ihp-ffo.de 


ABSTRACT 

In  strained  Sia-xGex  heterojunction  internal  photoemission  (HIP)  photodiodes  the  spectral 
response  can  be  tailored  over  a  wide  wavelength  range  by  varying  the  Ge  content.  In  this  paper 
heavily  in  situ  boron  doped  SiGe  layers  with  30%  Ge  were  grown  by  low  pressure  rapid  thermal 
chemical  vapour  deposition  (LP(RT)CVD).  The  detectors  exhibit  a  cut-off  wavelength  of  8.5 
^m.  A  delta-like  P  peak,  incorporated  by  atomic  layer  deposition  technique,  shifts  the  cut-off  to 
shorter  wavelengths.  This  shift  is  related  to  an  increase  of  the  barrier  height  at  the  SiGe/Si 
interface  caused  by  the  narrow  n+-doped  layer  in  agreement  with  device  simulation.  In  this  way 
the  trade  off  between  critical  film  thickness  for  high  Ge  content  film  growth  and  absorption 
depth  for  proper  detector  response  can  be  overcome. 

INTRODUCTION 

The  SiGe/Si  heterojunction  internal  photoemission  (HIP)  infrared  detector  offers  the 
possibility  of  monolithic  integration  of  large  focal  plane  arrays  and  for  smart  sensor  systems.  A 
wide  spectral  range  may  be  covered  by  changing  the  energy  gap  of  pseudomorphic  SiGe  layers 
through  variations  in  the  Ge  content.  Further  possible  advantages  are  improvements  in  yield  due 
to  material  uniformity  in  comparison  with  compound  semiconductors,  and  the  avoidance  of 
thermal  expansion  mismatch  inherent  in  all  hybrid  structures. 

The  HIP  detector  consists  of  a  heavily  doped  p+-SiGe  emitter  layer  on  a  p-type  Si  substrate 
acting  as  the  collector.  The  detection  mechanism  involves  strong  infrared  absorption  by  free 
carriers  in  the  p+-SiGe  layer,  followed  by  the  internal  emission  of  the  photo-excited  holes  over 
the  heterojunction  barrier  into  the  silicon  substrate.  The  effective  barrier  height  is  determined  by 
the  valence  band  offset  on  the  SiGe/Si  interface,  and  the  Fermi-level  in  the  SiGe  layer.  Because 
the  energy  gap  in  strained  SiGe  layers  depends  strongly  on  the  Ge  content,  the  cut-off 
wavelength  and  spectral  sensitivity  of  a  HIP  photodiode  can  be  tailored  over  a  wide  range  of  the 
IR  spectrum  (up  to  about  30  ^ra).  on  the  other  hand  the  critical  thickness  of  the  SiGe  decreases 
with  increasing  Ge  concentration  with  limits  the  SiGe-film  thickness.  This  results  in  a  short 
absortion  region  and  in  this  way  in  lower  detector  response. 

First  SiGe-HIP  detectors  were  fabricated  by  molecular  beam  epitaxy  [1,2]  and  recently  by  low 
pressure  rapid  thermal  chemical  vapour  deposition  (LP(RT)CVD)  [3]. 

In  this  paper  presented  a  novel  HIP  detector  is  proposed  which  uses  a  narrow  n+-doping  spike 
at  the  substrate  interface,  which  increases  the  heterojunction  barrier  height.  In  this  way  the  trade 
off  between  critical  film  thickness  limitation  for  high  Ge  content  and  absorption  depth  for  proper 
detector  response  can  be  overcome. 

N+  spike  doping  was  first  investigated  for  PtSi/Si  [5]  and  recently  applicated  in  bi-colour 
PtSi-Schottky-barrier  CCD  [6]  utilizing  shallow  ion  implantation. 

The  n+  spike  was  prepared  by  an  atomic  layer  doping  technique  [4].  Using  the  P  spike  we 
measured  a  shift  of  the  cut-off  wavelength  from  8.2  ^m  to  4.5  ^m  for  30%  Ge  content  in 
agreement  with  device  simulation. 
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EXPERIMENTAL 


The  Sii.xGex  layers  were  deposited  in  a  tungsten  lamp  heated  low  pressure  rapid  themul 
chemical  vapour  deposition  single  wafer  reactor  at  temperatures  of  450-50(rC  and  a  pressure  of 
200  Pa  with  a  gas  mixture  of  SiHU,  GelL  and  H2.  B2H6  was  added  to  the  source  gases  for  in  situ 
boron  doping  up  to  2x10^  cm  ^ 

The  deposition  was  carried  out  on  100  mm,  p-type  (12-20  Ocm)  Si  (100)  wafers.  Strained  SiOe 
epitaxial  layers  were  grown  with  30%  and  50%  Ge,  30  nm  and  20  nm  thicl^  respectively.  The 
wafers  were  covered  with  a  boron-doped  (10*’  cm'^)  Si  cap  (50  nm).  Between  the  SiGe  and  the  Si 
cap  a  buffer  layer  of  few  nm's  was  grown  in  which  the  Ge  content  was  tuned  down  to  zero.  A 
detailed  description  of  the  deposition  process  is  published  elsewhere  [7]. 

The  atomic  layer  doping  technique  developed  in  our  lab  for  doping  of  SiGe  films  with  B  and  P 
[4],  has  been  applied  to  Si.  The  main  idea  of  the  atomic  layer  doping  technique  consists  of  the 
separation  of  doping  and  film  growth.  Fot  this  purpose  the  Si  deposition  was  interrupted  by 
switching  off  the  SilL  and  the  heater.  Than  the  surface  of  the  wafer  was  exposed  to  PH3/H2  at  a 
ten^rature  of  350°C  for  a  certain  time.  The  coverage  is  controlled  by  the  surface  adsorption 
equilibrium  of  PH3  only.  After  the  exposure  step  the  epitaxial  growth  is  continued.  This  process  is 
still  under  investigation.  First  information  will  be  published  elsewhere  [9].  After  the  P  spike 
doping  we  grew  a  thin  undoped  Si/SiGe  spacer  at  550°C  and  450°C,  respectively.  Finally,  the 
boron  doped  strained  SiGe  film  was  grown  at  500°C  as  the  emitter  for  the  HIP  diode  with  a 
thickness  of  30  nm. 

HIP  photodiodes  of  different  area  were  defined  by  mesa  etching.  A  low  temperature  process 
with  low  temperature  oxide  (LTO)  passivation,  PtSi  contact  formation  and  AlCu  metallization 
was  used  for  device  preparation.  The  back  side  of  the  wafers  was  covered  with  A1  for  substrate 
contact  The  SiGe  layers  were  characterized  by  X-ray  diffraction  (XRD)  (Ge  content  film 
thickness,  degree  of  relaxation)  and  by  SIMS  (B  doping).  For  device  characterization  dark  current 
measurements  and  optical  Fourier  transformation  infrared  spectroscopy  (Fl'lk)  were  iqrplied. 

The  potential  distribution  inside  the  HIP  stack  including  the  n'^-doping  spike  was  calculated  by  a 
one  dimensional  TOSCA-simulation  [10]. 

RESULTS  AND  DISCUSSION 

In  a  system  consisting  of  a  narrow  n'^-doping  layer  on  p-type  material,  which  is  fiilly  depleted, 
band  bending  due  to  space  charge  in  the  layer  is  expected  to  cause  an  increase  in  the  barrier  height 
at  the  p'^-SiGe^Si  interface.  For  the  device  simulation  with  TOSCA  we  took  silicon  material 
parameters  from  Green  [1 1]  which  were  scaled  and  wighted  for  a  Ge  content  of  30%  and  a 
temperature  of  lOOK.  For  the  calculation  we  assumed  a  stack  consisting  of  an  1  nm  wide 
phosphorus  spike  with  a  concentration  of  1x10*’ cm'’  and  2x10*’ cm*’  on  a  low  doped  p*type  Si 
followed  by  an  5  nm  undoped  Si/SiGe  spacer  and  the  strained  SiarGeos  layer  boron-doped  with  a 
concentration  of  2x10^  cm*’.  The  cross  section  of  the  structure  used  for  the  simulation  is  included 
in  fig.  1  where  the  calculated  changes  of  the  valence  band  are  represented.  In  the  absence  of  the 
doping  spike  we  obtained  a  barrier  height  of  175  meV.  This  value  agrees  well  with  the  190  meV 
chimge  of  the  energy  gap  given  by  Bean  [8]  for  30%Ge  at  a  temperature  of  90  K  taking  into 
account  that  the  valence  band  offset  at  the  SiGc/Si  interface  is  in  the  order  of  90%  of  the  gap 
narrowing.  This  result  indicates  that  the  extracted  material  parameters  described  above  are 
suitable  for  our  calculation.  The  incorporation  of  a  doping  spike  increases  the  barrier  to  229meV 
and  to  285meV  for  the  two  P  concentrations,  respectively.  To  get  a  fully  depleted  n^  spike  dq)ed 
region  the  total  spike  concentration  should  not  exceed  a  value  of  some  10*’cm'’.  The  performance 
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of  the  detector  may  be  additionally  improved  by  a  built  in  drift  field  resulting  firom  a  graded  SiGe 
absoiptive  layer. 


10.0  15.0  20.0  25.0  30.0 

Layer  Thickness  ( nm ) 


Fig.  1:  Valence  band  edge  without  and  with  spike  in  a  p'*'SiGe/Si  stack 

In  fig.2,  a  SIMS  profile  through  the  layer  stack  of  an  HE?  diode  is  shown.  The  boron 
concentration  inside  die  SiGe  layer  was  2x10^®  cm*^;  the  Ge  content  (30%)  was  estimated  by 
XRD.  The  samples  with  the  doping  spike  exhibits  a  small  broaded  P  peak  at  the  SiGe/Si  interface 
(not  shown).  This  seems  be  related  to  the  outdiffusion  of  phosphorus  during  the  following 
processes.  The  integration  over  the  P  signal  gives  a  concentration  of  about  l-2xl0'’cm‘®. 


Depth  (nm) 

Fig.  2:  SIMS  profile  through  a  SiGe-HIP  diode;  B  calibrated,  Si  and  SiGe  not  calibrated 

The  dark  current  of  the  diodes  were  measured  as  a  function  of  temperature  and  Richardson 
plots  were  produced  as  shown  in  fig.3  for  the  two  different  diodes  with  30%  Ge  at  a  reverse  bias 
of  0.5  V.  In  fig.  2  lo  is  the  reverse  current  density  and  T  the  absolute  temperature.  The  straight 
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part  of  the  plot  results  from  thermionic  emission  over  the  heterojunction  barrier.  From  its  slope 
the  barrier  height  can  be  estimated,  resulting  in  153meV  and  296meV,  without  and  with  a  P  peak, 
respectively.  ^ 

1 
1 
1 
2 
2 

-2 

6  8  10  12  14  16  18 

io^/r(i/K) 

Fig.  3:  Richardson  plot  for  the  HIP  diodes;  with  (dashed  line)  and  without  (full  line)  the  doping 
spike;  reverse  bias  0.5  V 

The  spectral  photosensitivity  of  the  SiGe  HIP  diodes  were  iiteasured  with  a  BOMEM  FTIR 
Spectrometer.  The  diodes  were  placed  inside  the  cryostat  instead  of  the  spectrometers  detector, 
and  spectra  were  measured  at  80  K.  In  fig.  4,  the  normalized  to  the  maximum  value  response 
spectra  for  the  two  30%  Ge  diodes  and  for  a  50%  Ge  diode  are  shown.  All  diodes  exhibit  a  strong 
photoresponse  in  the  infirared.  The  cut-off  (X,)  is  shifted  to  shorter  wavelengths  for  the  diode  with 
the  nMoping  spike  as  well  as  for  the  higher  Ge  content 


0  2  4  6  6  10 


Wavelength  (pm) 

Fig.  4:  Spectral  photoresponsc  of  the  SiGe/Si-HIP;  FTIR,  80K;  30%  Ge, 
30%  Ge  with  n""  spike,  50%Ge 
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The  shift  for  higher  Ge  content  results  from  the  larger  reduction  of  the  energy  gap  of  the  strained 
SiGe  layer.  The  much  shorter  cut-off  for  the  diode  with  the  P  peak  is  caused  by  the  increase  of  the 
barrier  at  the  interface.  The  realization  of  a  strained  SiGe-HIP  with  such  a  short  would  require 
a  very  high  Ge  content  in  the  order  of  about  60%.  Due  to  the  critical  thickness  limitation  such 
films  can  be  grown  pseudomorphically  with  a  thickness  of  few  nm’s  only.  As  a  consequence  the 
absorption  depth  for  the  IR  photons  will  be  reduced,  decreasing  the  detector  response. 

Table  1  summarizes  the  cut-off  wavelengths  Xc  of  the  HIP  diodes,  and  the  corresponding  optical 
((t>o)  and  thermal  ((}>,)  barrier  heights.  The  results  of  the  simulation  are  included,  too. 

Tab.l:  Cut-off  wavelength  K  and  barrier  height  d)  for  SiGe-HIP- 

detectors  measured  by  FTIR  at  80  K  for  different  Ge-content 


Sample 

X(%) 

d(pm) 

Xc 

(pm) 

<I> 

optical 

(meV) 

<I> 

thermal 

(meV) 

<I> 

calc. 

(meV) 

AE(90K)  (meV) 

Bean  [8] 

30 

30 

8,2 

151 

153 

175 

190 

50 

20 

6,0 

207 

269 

260 

30  with  P-spike 

30 

4,5 

276 

296 

285 

190 

The  corresponding  variation  of  the  energy  gap  taken  from  [8]  are  given  for  comparison.  The 
difference  between  these  values  and  the  estimated  barrier  heights  results  from  the  fact  that  there  is 
a  small  conduction  band  offset  at  the  heterojunction.  On  the  other  hand,  due  to  the  degenerate 
doping  of  the  SiGe,  the  Fermi  level  is  shifted  into  the  valence  band.  Consequently,  the  carriers  sec 
a  barrier  from  the  Fermi  level  and  not  from  the  valence  band  edge. 

The  shift  in  the  barrier  height  due  to  the  the  n'"  spike  doping  is  in  good  agreement  with  the  value 
obtained  from  the  TOSCA  simulation  assuming  a  phosphorus  concentration  of  2x10*’  cm■^ 

The  bias  dependence  of  the  photoresponse  is  given  in  fig.  5.  At  80K  a  high  photoresponse 
occurs  already  at  zero  bias.  Increasing  the  bias  the  signal  goes  into  saturation.  This  behaviour  is 
simelar  for  two  types  of  photodiodes,  and  demonstrates  that  both  detectors  can  be  operated  at 
low  biases  in  the  order  of  1  volt. 


Fig.  5:  Bias  dependence  of  the  detectors 

at  80K;  30%  Ge,  30%  Ge  with  n*-spikc 
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SUMMARY 


A  novel  SiGe/Si  HIP  detector  is  proposed  which  uses  a  nanow  n^-doping  q)ike  at  the  substrate 
interface  increasing  the  heterojunction  barrier  height  The  n^  spike  was  piq>ared  by  an  atomic 
laye*  doping  technique.  Incoporating  a  P  spike  the  cut-off  wavelength  was  changed  from  8^  pm 
without  P  spike  to  4.S  pm  at  a  P  concentration  of  about  2x10*’  cm'’  for  the  same  Oe  content  of 
30  %.This  result  is  in  agreement  with  device  simulation.  In  this  way  the  trade  off  between  critical 
film  thickness  limitation  for  high  Ge  content  and  high  absorption  depth  for  proper  detector 
response  can  be  overcome. 
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ABSTRACT 

We  have  investigated  several  approaches  to  improve  the  material  quality  of  lattice- 
mismatched  In  ysGa  25AS  grown  by  Molecular  Beam  Epitaxy  (MBE)  on  (1  0  0)  InP  substrates. 
They  include  linear  grading  of  In  composition  from  lattice  matched  In  53Ga,47As  to  In  75Ga,25As 
in  a  1  pm  buffer  layer  grown  at  reduced  substrate  temperature,  in  combination  with  various  in 
situ  annealing  and  material  regrowth  steps  The  material  was  used  for  fabrication  of  mesa- 
structure  p-i-n  photodetectors  with  2.2  pm  cutoff  wavelength.  The  room  temperature  dark 
current  density  at  1  V  reverse  bias  was  approximately  2  mA/cm^  in  all  structures  that  were 
subjected  to  anneal  and  regrowth  process,  a  factor  of  three  improvement  over  reference  samples 
which  were  not  subjected  to  annealing  and  regrowth  The  dark  current  density  at  15  V  reverse 
bias  (10  nA/cm^  for  the  best  devices)  was  at  least  two  orders  of  magnitude  lower  in  all  annealed 
samples  than  in  reference  samples.  These  results  suggest  that  the  MBE  grown  material  can  be  an 
attractive  alternative  to  the  vapor  phase  epitaxy  (VPE)  grown  material  which  is  commonly  used 
for  fabrication  of  these  detectors. 

INTRODUCTION 

Indium  gallium  arsenide  (InxGai-xAs)  is  becoming  a  material  of  choice  for  fabrication  of 
room  temperature  operated  1-2  8  pm  photodetectors.  ^  Molecular  beam  epitaxy  is  an  attractive 
technique  for  growth  of  this  material  because  it  offers  superior  control  over  layer  thickness  and 
composition,  and  excellent  uniformity  of  these  parameters.  Detectors  which  operate  at 
wavelengths  that  are  longer  than  1 .65  pm  must  be  fabricated  from  InxGai-xAs  layers  with 
X  >  0.53,  which  is  the  value  at  which  the  material  is  lattice-matched  to  InP  substrates.  These 
high-  indium-content  films  are  typically  grown  on  InP  due  to  the  lack  of  other  more  appropriate 
substrates.  Layers  for  fabrication  of  photodetectors  with  a  2.2  pm  cutoff  wavelength  have 
X  =  0.75.  The  lattice  mismatch  between  the  InP  substrate  and  In  75Ga.25As  (approximately  1.5 
%)  is  partially  accommodated  by  misfit  dislocations,  since  the  detectors  must  be  much  thicker 
(several  pm)  than  the  critical  thickness  (several  nm)  below  which  mismatch  can  be 
accommodated  solely  by  elastic  strain.  ^ 

The  dislocations  present  in  the  depletion  region  of  the  device  may  severely  degrade  its 
performance.  Buffer  layers  are  typically  grown  between  the  substrate  and  the  lattice  mismatched 
p-i-n  detector  structure  to  reduce  the  dislocation  density  in  the  active  region.  Composition- 
graded  buffers  of  In^Gai-xAs^ ,  In^Ali.^As'*  or  InAsyPi.y’  have  been  demonstrated  to  effectively 
reduce  dislocation  density  in  the  active  region  of  the  mismatched  InxGai.xAs/InP,  or 
InxGai.xAs/GaAs  material  system.  The  lattice  constant  of  these  buffers  is  usually  lattice  matched 
at  the  substrate  epitaxial  layer  interface,  and  is  brought  to  the  lattice  constant  of  the  active  region 
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by  a  continuous  composition  grading,’’^  a  series  of  abaipt  composition  steps/  or  by 
compositional  superlattices.®  Compositional  superlattices  and  linearly-graded  buffer  layers  are 
most  commonly  used  in  MBE.®’  ’’  In  this  study  we  investigate  linearly-graded  buffers  since 
their  growth  requires  fewer  shutter  operations  than  the  growth  of  compositional  superlattices 
Linearly  graded  buffer  layers  are  commonly  grown  at  low  substrate  temperatures  to  avoid  island 
nucleation  and  the  resultant  three-dimensional  growth.* 

Elastic  strain  in  linearly-graded  buffer  layers  grown  at  low  temperatures  may  not  be  fully 
relaxed,  because  nucleation  and  propagation  of  misfit  dislocations  is  suppressed  at  reduced 
substrate  temperatures.®'®*^  If  the  strain  of  the  buffer  is  not  fully  relaxed  at  the  point  when  the 
active  region  growth  is  initiated,  strain  energy  of  the  system  continues  to  increase  as  the  active 
region  layers  are  grown  This  may  result  in  the  formation  of  misfit  dislocations  in  the  active 
region  in  the  device,  resulting  in  inferior  device  performance.  Growth  of  thick  buffer  layers  that 
would  release  the  elastic  strain  (7-10  pm  is  typical  for  VPE-grown  material)  is  not  commercially 
feasible  in  MBE  because  of  the  slow  growth  rate,  around  1  pm/hour 

Residual  strain  in  linearly-graded  buffer  layers  that  were  grown  by  MBE  at  reduced 
substrate  temperatures  can  be  relaxed  by  in  situ  thermal  annealing.  We  have  observed  that  p- 
i-n  In^Gai.^As  optical  detectors  with  a  cutoff  wavelength  of  2.2  pm  grown  on  atmealed,  relaxed 
buffer  layers  have  lower  dark  currents  then  devices  grown  on  a  similar  buffer  without  an  anneal. 

We  speculate  that  the  observed  improvement  in  electrical  characteristics  may  be  due  to  a 
reduction  in  misfit  dislocation  density  in  the  device  active  region  due  to  more  complete  strain 
relaxation  in  the  underlying  buffer. 

EXPERIMENT 

Layers  for  fabrication  of  In  75Ga  25AS  detectors  were  grown  on  InP  (0  0  1)  ±  0. 1° 
substrates  in  modular  Varian  GEN  II  MBE  system.  The  substrate  surface  was  prepared  for 
epitaxial  growth  by  a  5-minute  etch  in  a  4: 1 : 1  H2S04:H202  HjO  solution.  Substrates  were 
mounted  onto  wafer  holders  with  indium  metal.  Prior  to  initiation  of  epitaxial  growth,  the  native 
oxide  was  desorbed  from  the  substrate  surface  in  a  flux  of  AS4  molecules.  The  pressure  of  AS4 
used  during  the  growth  was  1.2xl0‘’  Torr,  as  measured  by  an  ion  gage  in  the  beam  path.  The 
oxide  desorption  was  monitored  by  a  reflection  high  energy  electron  diffraction  apparatus 
(RHEED)  and  was  typically  observed  at  a  substrate  temperature  of  500°C  measured  by  an  optical 
pyrometer.  The  temperature  of  oxide  desorption  was  reproducible  to  within  ±  S^C.  The  substrate 
temperature  was  additionally  monitored  by  a  thermocouple  located  between  the  heater  and  the 
substrate  holder.  Thermocouple  readings  were  used  to  estimate  substrate  temperatures  below 
450°C,  the  lower  limit  for  our  pyrometer.  Substrate  temperatures  below  450°C  were  determined 
by  extrapolating  a  linear  fit  of  the  relationship  between  pyrometer  and  thermocouple  readings 
obtained  at  higher  temperatures. 

The  growth  rate  was  0.78  pm/hour  and  was  kept  constant  during  the  growth  of  the  entire 
structure  even  when  the  composition  was  varied.  The  fluxes  of  metal  molecules  were  calibrated 
with  RHEED  intensity  oscillations.  Ternary  alloy  composition  of  layers  was  obtained  by  selecting 
the  appropriate  ratio  of  the  metal  fluxes.  An  arsenic  stabilized  2x4  reconstruction  was  observed  by 
RHEED  during  the  growth  and  annealing  of  all  structures.  Doping  in  the  layers  was  obtained  by 
Si  and  Be  for  p-  and  n-type  doping,  respectively. 

Table  I  shows  structure  of  the  layers  that  were  used  for  fabrication  of  photodetectors.  A 
lattice-matched  buffer  layer  of  0.3  pm  In  52AI  48As  and  0.2  pm  InjjGa^iAs  was  grown  on  the  InP 
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Table  I.  Structure  of  layers  for  fabrication  of  p-i-n  photodetectors. 


Structures  A,  B,  C,  F* 

Structure  D 

50  nm  In  75Ga25As  p^ 

50  nm  In.75Ga.25As  p^ 

50  nm  In75A1.25As  p^ 

50  nm  In.75Al.25As  p'^ 

50  nm  In  75Ga25As  p 

50  nm  In.75Ga.25As  p 

1  pm  In  75Ga25As  S.I. 

1  pm  In75Ga.25As  S.I. 

.3  pm  In  7503.25 As  n 

.3  pm  In,75Ga  25AS  n 

f  20  min  anneal  at  5 1 0°C 

A,F*  1  1  f  10  nmIn.75Al.25As  n 

B  2x^  5x{ 

C  3  1  i  10  nm  In. 7563. 25 As 

200  nm  In. 75Ga,25As  n 

i  80  nm  In,75Ga.25As  n 

f  10  nm  In.75Al.25As  n 

5x'i 

[  10  nm  In  7563.25  As 

80  nm  In.75Ga.25As  n 

1  pm  InxGai.xAs  n 

1  pm  InxGai.xAs  n 

x=.53-^.75 

x  =  .53->  ,75 

200  nm  In.53Ga.47As  n 

200  nm  In.53Ga.47As  n 

300  nm  In.52Al.48As  n 

300  nm  In.52Al,48As  n 

Substrate  InP  n+ 

Substrate  InP  n+ 

*  No  annealing 

substrate  at  490°C  for  all  structures.  The  substrate  temperature  was  reduced  to  400°C  during  the 
growth  of  the  last  50  run  of  the  lattice-matched  In  5363  47  As  layers,  and  was  kept  at  this 
temperature  during  the  growth  of  the  linearly-graded  buffer  layers.  Growth  was  interrupted  and 
samples  annealed  in  situ  under  As  flux  as  indicated  in  Table  1  during  the  growth  of  samples  A,  B, 
and  C.  The  substrate  temperature  was  increased  to  510°C  for  20  min  during  each  growth 
interruption,  after  which  the  substrate  temperature  was  lowered  to  450°C  and  growth  was 
resumed.  Attempts  to  anneal  substrates  at  higher  temperatures  resulted  in  excessive  re¬ 
evaporation  of  As  and  nucleation  of  In  droplets.  Short-period  10,7503.25  As/In.75Al,25  As 
superlattices  were  introduced  into  the  structures  A,  B,  and  C  to  help  protect  the  surface  during 
high  temperature  annealing.  To  separate  effects  due  to  the  short-period  superlatice  from  effects 
due  to  annealing,  an  additional  sample,  F,  was  grown  with  the  structure  of  sample  A  but  with  no 
growth  interruption  and  annealing  steps.  The  substrate  temperature  during  growth  of  sample  F 
was  increased  from  400  to  450°C  after  the  second  superlattice  was  grown,  in  contrast  to  samples 
A,  B,  and  C,  where  substrate  temperature  during  epitaxial  growth  was  raised  to  450°C  after  the 
first  superlattice  and  growth  interruption.  A  fifth  sample,  D,  was  grown  entirely  at  400°C  without 
superlattices  and  growth  interruptions.  Pieces  cleaved  from  grown  layers  A,  D,  and  F  were 
reintroduced  into  the  growth  chamber  and  annealed  at  510°C  to  investigate  the  effects  of  post 
growth  annealing  on  material  quality. 

Trenches  defined  by  photolithography  were  etched  down  to  the  undoped  active  layer  to 
form  60x90  mm  mesas.  Indium  on  the  back  of  the  n+  InP  substrates  was  used  as  the  backside 
ohmic  contact,  while  Ti/Au  contacts  were  deposited  on  the  top  of  the  mesa  structures  by  thermal 
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evaporation  and  lift-oflF.  The  electrical  characteristics  of  the  devices  were  me^red  by  an  HP4155 
parameter  analyzer  in  a  dry  nitrogen  atmosphere  shortly  after  device  processing  to  minimize 

surface  leakage  currents  at  the  mesa  periphery. 

The  surface  morphology  of  all  samples  was  examined  using  an  optical  niicroscopc  and  the 
morphology  of  the  samples  C  and  D  was  additionally  investigated  with  an  atomic  force 
microscope  (AFM). 

RESULTS 

Figure  1  shows  typical  reverse-bias  I- V  characteristics  of  p-i-n  detectors  fabricated  from 
structures  A-F.  Results  clearly  indicate  that  reverse-bias  leakage  currwt  is  significantly  reduced 
when  the  active  layer  is  grown  on  an  annealed  buffer.  The  difference  is  most  significant  at  high 


■  -  A,  I  Anneal 
4  -  B,  2  Anneals 
•  -  C,  3  Anneals 
O  -  D,  No  Anneal 
<^  -  F,  No  Anneal 
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Reverse  Voltage  (V) 

Figure  1 .  Reverse  bias  I-V  characteristics  of  photodiodes  fabricated  from  layers  A  to  F 

reverse  bias  voltages.  For  a  reverse  bias  voltage  of  1 5  V,  the  leakage  currents  of  all  samples  that 
were  grown  on  annealed  buffers  (A-C)  are  two  orders  of  magnitude  lower  than  that  of  reference 
sample  D  which  was  grown  on  a  non-annealed  buffer.  The  I-V  characteristics  of  the  rcferwice^^ 
sample  D  are  comparable  to  that  of  the  best  samples  that  were  reported  in  our  previous  work 
The  number  of  growth  interruptions  and  annealing  steps  in  the  samples  with  annealed  buffers  does 
not  have  a  significant  effect  on  the  reverse-bias  I-V  characteristics  of  these  layers.  The  reverae- 
bias  I-V  characteristics  of  the  reference  sample  F,  which  was  grown  on  a  non-annealed  buffer  with 
two  short  period  superlattices,  displays  the  highest  leakage  current  of  all  structures  at  low  reverse 
bias  voltages.  The  origin  of  this  increase  of  the  leakage  current  is  not  clear,  but  the  result  suggests 
that  the  superlattice  without  annealing  docs  not  improve  material  quality. 

Reverse-bias  I-V  characteristics  of  devices  which  were  fidmeated  from  layers  that  were 
subjected  to  a  post-growth  anneal  (pieces  of  samples  A,  D,  and  E)  were  identical  to  the 
characteristics  of  devices  that  were  fabricated  from  non-annealed  layers  of  the  same  samples.  This 
indicates  that  these  structures  do  not  undergo  additional  changes  at  temperatures  wduch  may  be 
required  for  device  processing.  On  Fig.  2  a  normalized  spectral  response  of  a  photodctector 
fabricated  from  structure  C  is  shown.  The  cutoff  wavelength  estunated  from  the  spectral  response 
is  around  2.2  pm. 
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Figure  2,  Normalized  spectral  response  of  photodiode  fabricated  from  layer  C, 


Cross-hatch  features  oriented  along  the  (-1  1  0)  and  (1  1  0)  crystalline  axes  were  observed 
on  all  the  samples  under  the  optical  microscope.  The  density  of  the  cross-hatch  lines  was  visibly 
lower  in  one  of  the  directions  on  all  the  samples  with  annealed  buffers  (A-C).  This  asymmetry  was 


a)  sample  D,  non-annealed  buffer  b)  sample  C,  annealed  buffer 


Figure  3.  AFM  images  of  surface  morphologies  of  samples  a)  D  and  b)  C. 

not  so  pronounced  on  non-annealed  samples.  Images  of  the  surface  morphology  of  two  samples 
(D  -  non-annealed  buffer  and  C  -  annealed  buffer)  obtained  by  AFM,  shown  in  Fig.  3,  confirm  this 
observation.  It  can  be  seen  that  the  sample  with  the  annealed  buffer  has  the  rougher  surface.  A 
formation  of  cross-hatch  morphology  on  the  surfaces  of  dislocated  interfaces  is  a  known 
phenomenon. It  has  been  observed  that  these  surface  corrugations  are  correlated  to  dark  line 
defects  and  spatial  dislocation  arrangement.  The  asymmetry  of  cross  hatch  pattern  is 
attributed  to  a  difference  in  nucleation  rate  or  mobility  of  two  types  of  60®  dislocations  that  are 
present  in  III-V  semiconductors. 


223 


CONCLUSIONS  AND  DISCUSSION 


Results  of  our  study  show  that  reverse  bias  leakage  current  of  2.2  urn  InjjGa.isAs  p-i-n 
photodetectors  were  reduced  by  a  factor  of  three  at  low  biases  and  two  order  of  magnitude  at 
high  biases  when  active  layers  were  grown  on  thermally-annealed  low  temperature  linearly  graded 
buffer  layers.  This  material  improvement  correlates  to  a  large  difierence  in  the  cross-hatch  pattern 
between  the  samples  that  were  grown  on  annealed  buffers  and  those  that  were  grown  on  non- 
annealed  buffers.  A  similar  correlation  between  material  quality  improvement  and  formation  of 
cross-hatch  has  been  observed  for  thermally  annealed  GaAs  films  grown  on  Si  substrates,  and  was 
attributed  to  dislocation  redistribution  due  to  thermal  strains  in  annealing  process. 

In  our  case  we  attribute  material  quality  improvement  and  increase  in  surface  corrugation  to 
relaxation  of  residual  elastic  strain  that  was  accumulated  in  the  buffer  layers  during  low 
temperature  growth.  Absence  of  metastable  strain  in  the  buffer  layers,  and  possible  redistribution 
of  dslocations  during  thermally  activated  strain  relieve  may  both  contribute  to  the  observed 
material  improvement. 

In  summary,  we  have  demonstrated  that  material  quality  In,Gai.xAs  layers  grown  on  lattice 
mismatched  substrates  is  improved  when  they  are  grown  on  thermally  annealed  buffer  layers. 
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ABSTRACT 

P-type  InGaAs/InP  cmantum-well  infrared  photodetectors  operated  at  4.55  |im  require  the 
growth  of  ultra-thin  (10  A)  quantum  wells.  We  report  a  study  of  interfaces  in  QWIPs  grown  by 
gas-source  molecular  beam  epitaxy  in  which  we  optimized  the  group  V  source  supply  sequence  so 
that  a  6  K  photoluminescence  linewidth  as  narrow  as  8.4  meV  was  observed  from  a  structure  with 
10  A  wells.  Analysis  of  the  PL  suggests  that  interface  roughness  was  minimized.  Cross-sectional 
scanning  tunneling  microscopy,  double  crystal  x-ray  diffraction,  and  cross-sectional  tunneling 
electron  microscopy  confirmed  that  high-quality  interfaces  and  uniform  layers  were  obtained. 
Using  the  derived  structural  parameters,  photocurrent  spectral  response  was  theoretically  predicted 
for  these  QWIPs  and  then  experimentally  verified  . 

INTRODUCTION 

GaAs/AlGaAs  quantum-well  infrared  photodetectors  (QWIPs)  have  attracted  much  attention  for 
use  in  low-cost  high-yield  imaging-array  applications  with  recent  demonstrations  of  multiple- 
color  GaAs/AlGaAs  QWIPs  broadening  interest.  InP-based  QWIPs  have  also  been  studied  and 
have  been  experimentally  shown  to  yield  lower  dark  current  and  higher  responsivities  for  n-type 
detectors2.3.  Intersubband  p-type  InGaAsAnP  QWIPs  offer  further  advantages  including  the 
possibility  of  normal-incidence  detection,  reduction  in  dark  current,  broadening  of  the  absorption 
spectrum,  and  shorter  wavelength  absorption  because  of  the  relatively  large  valence  band  offset. 
In  addition,  combining  n-  and  p-type  InGaAs/InP  quantum  wells  offers  the  possibility  of  single¬ 
device  two-color  QWIPs  for  both  the  3  -  5  pm  and  8  - 14  pm  wavelength  regimes. 

In  this  article  we  present  GSMBE  growth  and  characterization  of  p-doped  InGaAs/InP  QWIPs 
(operating  at  4.55  pm)  with  ultra-thin  wells  and  excellent  interface  qu^ity.  We  first  present  details 
of  our  growth  procedures  and  structural  characterization  results  including  photoluminescence  (PL), 
cross-sectional  transmission  electron  microscopy  (XTEM),  cross-sectional  scanning  tunneling 
microscopy  (XSTM),  and  double-crystal  x-ray  diffraction  (DCXRD)  measurements.  Structural 
parameters  derived  from  these  measurements  are  used  to  theoretically  predict  detector  device 
performance,  which  is  verified  with  direct  measurements  of  device  photocurrent  spectral  response. 

GROWTH  AND  STRUCTURAL  CHARACTERIZATION 

Epitaxial  growth  was  performed  in  a  modified  Perkin-Elmer  430P  GSMBE/CBE  system. 
Cracked  ASH3  and  PH3  were  used  as  the  group  V  sources,  while  elemental  solid  sources  in 
effusion  cells  were  used  for  the  group  HI  sources.  Details  of  the  MBE  system  and  cracker  design 
are  reported  elsewhere^.  All  p-QWIP  structures  (Fig.  1)  were  grown  on  semi-insulating  (001)  Fe- 
doped  InP  substrates  at  500oC  with  InP  and  Gao.47Ino.53As  growth  rates  of  0.59  pm/hr  and 
1.05  pm/hr,  respectively.  A  two-step  procedure  (Fig.  2)  was  implemented  for  InGaAs-on-InP 
interfaces,  whereby  growth  of  InP  was  terminated  by  simultaneously  closing  the  In  shutter  and 
switching  the  PH3  flow  from  the  growth  chamber  to  a  vent  line,  leaving  the  InP  surface  free  of 
flux  for  a  period  of  time  Tp'.  ASH3  was  then  introduced,  exposing  the  InP  surface  to  an  As2 
overpressure  for  time  Tas,  thereby  providing  additional  P2  pumping-out  time  while  preserving  the 
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InP  surface  from  further  degradation.  Growth  of 
InGaAs  was  initiated  by  simultaneously  opening 
the  Ga  and  In  shutters.  For  InP-on-InGaAs 
interfaces,  growth  of  InGaAs  was  terminated  by 
simultaneously  closing  the  In  and  Ga  shutters  and 
directing  the  flow  of  ASH3  from  the  growth 
chamber  to  the  vent  line  for  a  period  of  time  Tas' 
during  which  residual  arsenic  was  pumped  from 
the  growth  chamber.  After  TasS  InP  growth  was 
resumed  by  opening  the  In  shutter  and 
simultaneously  flowing  PH3  into  the  growth 
chamber.  The  optimized  times  7/10/20  (seconds) 
were  established  based  on  the  feedback  of  PL  and 
DCXRD  measurements.  The  material  quality  of 
the  optimized  p-type  InGaAs/InP  QWIP  structure 
was  dien  quantified  primarily  using  PL,  the  results 
of  which  were  compared  to  XTEM,  XSTM,  and 
DCXRD  results. 


PL  measurements  were  performed  at 
temperatures  ranging  from  6  to  77  K  with  S 14  nm 
excitation  from  an  argon  ion  laser.  The  PL  was 
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Fig.  1.  Structure  for  p-type  InGaAs/InP 
QWIPs  used  in  this  work. 


dispersed  by  a  1  m  single-grating  spectrometer  and 

then  detected  with  a  Ge  detector.  The  laser  power  2.  Gas-switching  used  for  GSMBE 
was  varied  over  the  range  of  2.4  to  65  mW.  growth  of  InGaAs/InP  QWIPs. 


Figure  3  shows  the  PL  emission  spectra  of  the  p- 

type  (3WIP  sample  as  a  function  both  of  sample  temperature  and  excitation  power.  The  main 
emissions  from  the  sample  are  associated  with  the  recombination  of  the  heavy-hole  bound 
excitons.  The  line  shape  of  the  PL  emission  is  independent  of  the  laser  power,  indicating  that  all  of 
the  PL  is  from  a  single  origin.  Figure  4  shows  the  measured  PL  emission  linewidth  as  a  function 
of  sample  temperature,  as  well  as  calculations  of  predicted  linewidth  contributions  due  to  ternary 
alloy  compositional  variations  and  one-monolayer  interface  roughness.  The  small  value  of 
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Fig.  3,  Photolumincscence  spectra  for  the  p-type  InGaAs/InP  QWIPs,  both  versus 
temperature  (left  hand  plot)  and  versus  excitation  power  (right  hand  plot). 
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Fig.  4.  Photoluminescence  linewidth,  both  measured  (left  hand  plot)  versus  temperature,  and 
calculated  (right  hand  plot)  versus  well-width  for  one-monolayer  interface  roughness 
and  two  different  values  of  lateral  feature  size. 

measured  line  broadening  at  6  K  indicates  interface  roughness  of  a  monolayer  or  less  and  compares 
very  well  with  previous  results  by  TsangS,  who  showed  that  these  levels  of  broadening  for  ultra- 
thin  InGaAs/InP  QW  structures  are  likely  due  to  normal  statistical  variations  in  the  local 
composition  of  the  ternary  well  material^.  Under  a  simple  quantum-well  model,  the  confinement 
energies  for  the  electron  and  hole  for  this  structure  are  216  and  197  meV,  respectively,  with  the 
values  of  the  band  offsets  for  the  conduction  and  valence  band  used  being  230  and  380  meV,  and 
effective  masses  used  for  the  electron  and  heavy  hole  being  0.041  niQ  and  0.46  niQ.  The  difference 
between  the  peak  position  and  the  summation  of  the  band  gap  and  the  confinement  energy  yields  an 
estimated  binding  energy  of  139  meV  for  the  bound  exciton  in  these  samples. 

Cross-_S_ectional  Transmission-Electron  and  Scanning-Tunneling  Microscopy 

Figure  5  is  an  XTEM  micrograph  for  this  structure  showing  the  quantum-well  region  plus  the 
InP  substrate  and  thick  InGaAs  contact  regions.  The  10  A  wells  are  well-defined  and  uniform 
over  a  relatively  large  area  and  no  obvious  defects  are  visible,  indicating  good  material  quality.  To 
directly  view  quantum-well/barrier  interfaces,  an  XSTM  micrograph  was  taken  of  a  single  well 
using  an  STM  design  (by  Brockenbrough  and  Lyding7)  incorporated  within  an  ultra-high  vacuum 
system.  The  sample  was  cleaved  in-situ  to  expose  the  (110)  surface  for  analysis,  the  results  of 


Fig.  5.  XTEM  image  of  p-type  QWIP  structure  showing  uniformity  of  the  layers. 
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which  are  shown  in  Figure  6.  The 
InP  barriers  appear  darker  than  the 
adjacent  InGaAs  well  regions 
because  of  the  valence-band  offset. 
The  InP  barriers  are  homogenous 
except  in  regions  close  to  the 
interface,  while  the  InGaAs  well 
region  displays  a  mottled 
appearance  throughout,  probably 
due  to  local  alloy  fluctuations.  The 
normal  interface  appears  to  be 
sharp,  with  intermixing  less  than  a 
monolayer  in  the  [100]  direction, 
while  more  significant  intermixing 
is  observed  at  ^e  inverted  interface. 
This  is  attributed  to  residual  As2 
incorporation  into  the  InP  layer  at 
the  inverted  interface,  noting  that  a 
significant  density  of  As  is  seen  in 
the  InP  within  2  monolayers  of  the 
interface  and  scattered  As  atoms  arc 
observed  at  even  3  and  4 
monolayers  into  the  InP  barrier. 


II 

*  *1 


A  Philips  DCXRD  system  was 
used  to  measure  x-ray  diffraction 


Fig.  6.  XSTM  occupied-states  image  of  a  single 
quantum  well  in  the  p-typc  QWIP  structure.  Light  areas  arc 
InGaAs  and  daric  areas  are  InP. 


patterns  for  these  wafers.  All  measurements 


were  conducted  in  9-26  mode  with  a  fine 
collimation  of  the  incident  and  diffracted  x- 
rays  in  order  to  track  the  evolution  of  the 
superlattice  harmonics  over  several  degrees. 
Figure  7  (a)  shows  the  (004)  CuKai  rocking 
curves  for  the  p-QWIP  structure.  Superlattice 
satellites  are  observed  up  to  the  4th  order  with 
an  average  FWHM  of  31  arcsec.  The 
simulations  shown  in  (b)  and  (c)  of  Figure  7 
were  performed  by  means  of  the  dynamical 
theory  of  x-ray  diffraction^  and  provided 
structural  information  about  the  thiclmess  and 
the  chemical  composition  of  the  MQWs. 
Figure  7(b)  assumes  abrupt  interfaces  for 
both  InGaAs-on-InP  and  InP-on-InGaAs 
interfaces,  while  Figure  7(c)  assumes  a 
monolayer  of  InAso.sPo.s  inserted  at  each 
inverted  interface  as  a  model  for  the  As 
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intrusion  into  the  InP  as  seen  by  XSTM. 
Since  Figure  7(b)  yields  better  agrwmcnt  with 
the  measured  data  than  Figure  7(c), 
particularly  with  respect  to  the  strong  first- 
order  satellites,  this  reaffirms  residual  As2 
incorporation  into  the  InP  barrier  layers  and 
subsequent  formation  of  strained  InP(As) 
layers  at  the  interfaces.  The  combined  results 
of  XTEM,  XSTM,  and  DCXRD  yield  a  best 


Angle  (Arcsec) 

Fig.  7.  (a)  Measured  DCXRD  spectrum 

for  the  QWIP  structure,  (b)  Results  of  simulation 
assuming  abrupt  interfaces,  (c)  Results  of 
simulation  assuming  monolayer  InAsP  transition 
at  non-inverted  interface. 
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fit  of  10.5  A  Gao  525lno.475As,  3.04  A  InAso  ^Po.s,  and  564.3  A  InP,  which  correspond  well 
with  the  nominal  values  of  10/5 50 A  InGaAs/InP. 

DEVICE  SIMULATION  AND  EXPERIMENTAL  RESULTS 


A  six-band  (two  conduction  and  four  valence  bands)  effective  bond-orbital  model  was  used  to 
calculate  the  absorption  coefficient  for  the  p-type  QWIPs  (model  details  are  presented  elsewhere9). 
An  Ino  53Gao47As/InP  superlattice  with  4  monolayers  (11  A)  of  InGaAs  and  68  monolayers  (200 
A)  of  InP  in  each  period  was  employed.  Although  the  actual  layer  thickness  of  InP  in  each  period 
is  550  A,  the  absorption  coefficient  is  believed  to  be  relatively  insensitive  to  the  thickness  of  the 
barrier  as  long  as  it  is  thick  enough  to  effectively  isolate  the  quantum  wells.  Optical  properties 
were  calculated  in  the  same  way  as  described  by  Chang  et  al.io,  and  optical  transitions  from 
occupied  states  to  unoccupied  states  were  calculated  using  both  inter-subband  and  inter-band 
transitions.  The  2D  carrier  density  was  assumed  to  be  SxlOH  cm-2  per  well  with  a  valence-band 
offset  of  420  meVii.  Thus,  subbands  with  energies  below  420  meV  were  considered  as 
continuum  states  which  can  lead  to  photocurrent.  With  an  applied  electric  field,  additional 
photocurrent  due  to  tunneling  through  the  barrier  was  accounted  for  by  the  WKB  approximation. 

For  device  measurements,  structures  were  fabricated  into  200  pm  diameter  mesa  diodes  by 
chemical  etching  and  then  deposited  with  non-alloyed  Ti/Pt  contacts.  Devices  were  polished  at  45® 
for  optical  coupling  and  indium-bonded  to  a  copper  heat  sink.  All  measurements  were  performed 
with  the  detectors  mounted  on  a  stage  which  was  in  thermal  contact  with  the  cold  end  of  a 
continuos  flow  helium  cryostat.  Photocurrent  spectral  response  measurements  were  performed  at 
80K.  The  results  of  both  simulation  and  measurements  are  shown  in  Figure  8,  where  all  modeled 
photocurrent  spectra  have  been  broadened  by  a  halfwidth  of  0.15  eV  for  comparison  to  the 
experimental  results.  As  can  be  seen,  the  model  results  are  in  good  agreement  with  measurements, 
particularly  in  terms  of  the  peak  response  position  close  to  4.55  pm. 


Wavelength  (pm) 


Fig.  8.  Photocurrent  spectra  for  the  p-type  InGaAs/InP  QWIPs  studied  in  this  work.  Modeled 
spectra  using  structural  parameters  independently  determined,  (b)  Measured  spectra.  (Note: 
Measured  response  null  close  to  3  pm  is  likely  due  to  water  absorption.) 

CONCLUSION 

In  summary,  high  structural-quality  InGaAs/InP  QWIPs  with  ultra-thin  (10  A)  QWs  were 
grown  by  GSMBE.  PL  measurements,  as  well  as  XTEM,  XSTM,  DCXRD  results  suggest  that 
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the  InGaAs  layers  were  uniformly  grown  with  minimal  interface  roughness,  and  that  the  inverted- 
interface  roughness  is  very  difficult  to  remove  due  to  As2  carry  over.  In  addition  to  providing 
direct  evidence  of  well-defined  quantum  wells  and  barriers  with  abrupt  interfaces,  the  structural 
analyses  yielded  precise  thickness  and  compositional  parameters  for  the  QWs,  which  was  very 
important  to  the  simulation  of  the  absorption  coefficient  and  photocurrent  spectrum  for  QWIPs. 
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ABSTRACT 

We  have  performed  an  optimization  study  of  the  mid-infrared  photoresponse  of  p-type 
GaAs/AlGaAs  Quantum  Well  Infrared  Photodetectors  (QWIPs)  designed  for  normal  incidence 
detection.  In  these  p-type  quantum  wells,  normal  incidence  absorption  is  allowed  (by  the  dipole 
selection  rules  for  optical  transitions)  especially  for  transitions  from  the  heavy -hole  ground  state 
to  the  second  light-hole  state.  Previous  theoretical  modeling  predicted  that  this  transition  will 
produce  the  strongest  bound-to-continuum  infrared  absorption  when  the  second  light-hole  state 
is  located  very  near  the  top  of  the  GaAs  quantum  well.  For  AlGaAs  barrier  layers  with  30% 
aluminum,  our  modeling  showed  that  a  well  width  between  45A  and  50A  would  optimize  the 
normal  incidence  photoresponse  of  this  p-type  QWIP.  In  this  work,  photore'-nonse  spectra  are 
reported  for  well  widths  ranging  from  40A  to  65A.  A  series  of  samples  were  tudied  in  which 
only  the  GaAs  well  width  was  varied  in  two  monolayer  increments,  from  H  to  20  monolayers. 
Photoluminescence  and  X-ray  diffraction  measurements  were  used  to  verify  the  composition, 
well  width,  and  structural  quality  of  each  sample.  This  study  verified  that  the  spectral  range  of 
the  normal  incidence  photoresponse  is  narrower,  as  predicted  by  theory,  for  well  widths  in  which 
the  second  light-hole  state  approaches  the  top  of  the  valence  band  well. 

INTRODUCTION 

Infrared  detectors  based  on  multi-quantum  well  (MQW)  heterostructures  are  of  continuing 
interest  due  to  the  capability  of  producing  large  area,  high  uniformity,  two-dimensional  imaging 
arrays.  Most  previous  work  has  been  focused  on  n-type  GaAs/AlGaAs  MQWs  to  take 
advantage  of  the  low  effective  mass  of  the  electron,  which  should  provide  superior  transport 
properties  [1].  However,  for  these  n-type  (donor  doped)  QWIPs,  intersubband  transitions  are 
limited  by  dipole  selection  rules  to  couple  only  to  radiation  with  a  polarization  component 
perpendicular  to  the  quantum  wells  (i.e.  normal  incidence  absorption  is  forbidden)  [2].  This 
limitation  then  requires  the  use  of  gratings  on  each  detector  element  to  bend  the  incident  radiation 
so  that  it  enters  the  quantum  well  stack  at  an  angle  to  the  growth  direction.  To  avoid  the 
complication  of  processing  thousands  of  small  gratings  on  a  two-dimensional  array,  an  alternative 
approach  is  to  use  p-type  (acceptor  doped)  GaAs/AlGaAs  QWIPs. 

In  p-type  GaAs/AlGaAs  MQW  materials,  there  is  strong  mixing  of  the  valence  bands, 
especially  with  the  conduction  band,  which  imparts  an  additional  s-like  symmetry  to  the 
normally  p-like  valence  band  wave  functions  [3].  Transitions  between  subbands  with  s-like  and 
p-like  symmetry  components  are  not  forbidden  by  symmetry-related  quantum  mechanical 
selection  rules,  such  that  absorption  of  radiation  at  normal  incidence  is  allowed.  There  are  also 
allowed  transitions  due  to  heavy-  and  light-hole  band  mixing.  This  desirable  normal  incidence 
photo-excitation  of  p-type  QWIPs  has  been  demonstrated  only  recently  [4,5]. 

Our  previous  work  measured  and  theoretically  modeled  the  bound-to-continuum 
photoresponse  in  three  GaAs/AlojGaojAs  QWIPs  with  GaAs  well  widths  of  30A,  35A  and 
40 A  [3,5].  The  8x8  envelope  function  approximation  model  developed  for  calculating  bound-to- 
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continuum  absorption  spectra  was  highly  successful  at  matching  the  measured  photoresponse 
spectra  of  these  three  samples.  An  example  of  this  close  agreement  between  theory  and 
experiment  is  shown  in  Fig.  1.  This  figure  ^so  highlights  the  objective  of  our  recent  research. 
The  calculated  spectra  indicated  that  a  p-type  QWIP  with  a  45A  well  width  would  provide  the 
optimum  normal  incidence  photoresponse  at  8.9  microns  for  AlxGat.xAs  barriers  with  30% 
aluminum.  In  order  to  verify  this  optimized  photoresponse,  14  samples  were  grown  and  studied 
in  the  past  two  years.  This  paper  covers  the  results  from  6  initial  samples  grown  in-house. 

EXPERIMENT 

The  p-type  GaAs/AlGaAs  MQW  materials  for  this  study  were  grown  by  molecular  beam 
epitaxy  on  semi-insulating  (100)  GaAs  substrates.  Four  wafers  with  requested  well  widths  (Lw) 
of  40 A,  45 A,  50 A  and  55 A  were  grown  as  a  set,  and  two  additional  wafers  targeting  45 A  and 
50A  were  grown  at  another  time.  Each  MQW  sample  had  30  periods  and  500A  barrier  widths  of 
AlojGao.TAs.  The  MQW  stack  was  sandwiched  between  two  GaAs  contact  layers.  The  wells 
and  contact  layers  were  beryllium  doped  to  1x10**  cm'^.  The  wells  were  center  doped  with  a  5 A 
offset  at  each  interface.  The  structural  parameters  for  each  of  these  samples  are  given  in  Table  I. 

Photoluminescence  spectra  were  t^en  at  4.5  K  using  a  Bomem  Fourier  Transform  infrared 
(FTIR)  spectrometer.  Nearly  all  of  the  top  contact  layer  was  etched  off  prior  to  PL 
measurements.  Photoresponse  spectra  were  taken  at  low  temperature  {T<10  K)  using  a  BIO¬ 
RAD  FTIR  spectrometer  and  a  closed-cycle  refrigerator.  The  spectral  photoresponse  was 
studied  as  a  function  of  temperature  and  applied  bias.  The  etched  mesas  (5x5  mm^)  were 
mounted  perpendicular  to  the  infrared  beam  with  illumination  through  the  top  contact  layer. 
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Fig.  1  Comparison  of  theoretical  linear  absorption  spectra  (unbroadened)  for  30A  through  45A 
well  widths,  with  photoresponse  data  points  (•)  for  40A  well  width  p-type  QWIP. 
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Table  I.  Structural  &  Optical  Parameters  for  Samples 


Requested  Growth  Parameters  X-Ray  Fitting  Results 


Sample  # 

Lwell 

Lbarrier 

Al% 

Na(cm-3) 

Lwell 

(±5A) 

Period 

Al% 

Ecutoff 

(meV) 

PL  peak 
(meV) 

ML-08 

50A 

56A 

507A 

29 

1610 

ML-09 

40A 

50A 

511k 

26 

IRwB 

1620 

ML- 10 

45A 

500A 

30 

1x1018 

56A 

592A 

26 

123.4 

1603 

ML- 11 

50A 

500A 

30 

1x1018 

58A 

588A 

26 

157 

1590 

ML- 12 

55A 

500A 

30 

1x1018 

62A 

602A 

26 

1574 

ML- 13 

45A 

500A 

30 

1x1018 

47A 

562A 

31 

1618 

OE-03 

40A 

500A 

30 

1x1018 

42A 

515k 

28 

1636 

Ecutoff  corresponds  to  the  wavelength  at  which  the  photoresponse  intensity  drops  by  50%. 


RESULTS 

Photoluminescence  and  x-ray  diffraction  measurements  were  used  to  verify  the  composition, 
well  width,  and  structural  quality  of  each  sample.  A  typical  x-ray  diffraction  spectrum  along 
with  the  simulated  spectrum,  used  to  determine  the  AlGaAs  alloy  composition,  the  superlattice 
period,  and  GaAs  well  width,  is  shown  in  Fig.  2,  The  large  number  of  superlattice  peaks  and 
their  associated  sharpness  indicated  the  high  structural  quality  of  the  samples.  Results  from  all 
the  x-ray  simulations  are  listed  in  Table  I.  These  results  show  that  the  requested  well  thickness 
and  alloy  composition  deviated  from  nominal  values,  albeit  in  a  very  consistent  way.  This 
underscores  the  necessity  of  confirming  the  structural  parameters  of  samples  received  for 
characterization. 

The  photoluminescence  (PL)  spectra  from  the  set  of  four  consecutively  grown  MQW 
samples  are  shown  in  Fig.  3.  Samples  ML-09  and  ML- 10  had  nearly  the  same  peak  intensity  for 
the  radiative  transition  between  the  first  conduction  and  first  heavy-hole  subbands  (cl-to-hhl). 


-1500  -500  500  1500 

Angle  (arcsecs) 

Fig.  2  X-ray  diffraction  rocking  curve  for  p-type  GaAs/Alo.sGao.yAs  multi-quantum  well 
sample  (ML-08).  The  simulated  curve  used  for  fitting  the  structural  pzirameters  is  included. 
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Fig.  3  Photolumincscencc  spectra  of  four  sa^iples:  1)  ML-09, 2)  ML- 10, 3)  ML-1 1  increased  by 
a  factor  of  40,  and  4)  ML- 12  increased  by  a  factor  of  40. 
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Fig.  4.  Normal  incidence  photoresponsc  spectra  from  set  of  four  p-type  GaAs/Alo.3Gao.7As 
samples:  1)  ML-09, 2)  ML- 10, 3)  ML-1 1  magnified  by  a  factor  of  20,  and  4)  ML- 12  magnified 
by  a  factor  of  20.  Nominally  only  the  well  width  was  varied  by  2  monolayers  between  samples. 
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The  peak  positions  vary  as  expected  for  the  change  in  well  width,  with  the  peak  moving  to  lower 
energy  for  the  wider  well  (ML- 10).  The  same  trend  toward  lower  energy  is  continued  in  samples 
ML-1 1  and  ML-12.  However,  the  PL  peak  intensities  for  these  two  samples  are  over  an  order  of 
magnitude  weaker,  as  well  as  broader.  The  PL  spectrum  for  sample  ML-1 1  even  exhibits  evenly 
spaced  multiple  peaks.  The  exact  cause  of  the  degraded  PL  spectra  for  these  two  samples  has 
not  been  identified.  However,  samples  ML-1 1  and  ML-12  were  grown  back-to-back  on  the  same 
day,  while  ML-09  and  ML-10  were  grown  on  the  following  day.  Obviously,  there  was  some 
unintentional  variation  in  the  growth  conditions  between  these  two  days. 

The  photoresponse  spectra  for  the  companion  set  of  four  MQW  samples  are  shown  in  Fig.  4. 
These  spectra  were  taken  at  8  K  and  with  an  applied  bias  of  +2.7  volts.  The  photoresponse 
spectra  reflect  similar  intensity  trends  to  those  observed  in  the  PL  spectra.  The  photoresponse 
spectra  for  ML-11  and  ML-12  are  about  two  orders  of  magnitude  weaker  than  for  ML-09  and 
ML-10.  This  is  probably  the  result  of  a  combination  of  two  effects.  First,  there  is  the 
degradation  in  the  quality  of  these  two  samples  as  reflected  in  the  PL  spectra.  Second,  since 
these  wells  are  much  wider,  the  second  light-hole  state  (lh2)  is  a  bound  state.  Consequently, 
charge  carriers  photoexcited  to  this  state  have  to  tunnel  through  the  barrier  for  any  signal  to  to  be 
measured.  The  photoreSponse  for  ML-10  is  narrower  and  more  intense  than  for  ML-09. 
Modeling  shows  that  for  the  compositions  that  were  actually  grown,  ML-10  has  the  lh2  state  in 
the  continuum  very  close  to  the  top  of  the  barrier,  which  is  the  optimum  absorption  condition 
predicted  by  theory.  The  lh2  state  for  sample  ML-09  is  pushed  farther  up  into  the  continuum 
and  therefore,  does  not  couple  as  strongly  to  the  heavy-hole  ground  state.  Similar  effects  of  well 
width  changes  on  the  intensity  and  spectral  band  width  have  been  observed  in  the  photoresponse 
ofn-type  QWIPs  [6]. 

Although  the  samples  did  not  always  match  the  requested  structural  parameters,  there  were 
still  a  couple  of  samples  that  did  demonstrate  the  expected  effect  of  a  narrower  spectral  band 
width  compared  to  our  earlier  p-type  QWIPs.  In  each  of  these  samples  (ML-08,  ML-10  &  ML- 
13),  the  condition  for  bringing  the  resonant  lh2  state  in  the  continuum  very  close  to  the  top  of  the 
well  was  met.  Evidence  of  the  narrower  photoresponse  spectra,  as  compared  to  the  earlier  L^  = 
40A  QWIP,  is  seen  in  Fig.  5.  These  narrower  photoresponse  spectra  confirm  the  theoretical 
model  shown  in  Fig.  1 .  These  spectra  are  still  broader  than  the  calculated  absorption  spectra,  but 
a  broadening  factor  was  not  included  in  the  original  calculations  and  will  have  a  larger  impact  for 
these  sharp  transitions. 

As  for  the  predicted  increase  in  photoresponse  intensity  as  the  lh2  state  approaches  the  top 
of  the  well,  we  did  not  achieve  a  set  of  samples  that  would  continue  the  trend  specifically  shown 
in  Fig.  1.  However,  some  confirmation  of  the  increased  bound-to-continuum  photoresponse  as 
coupling  to  the  lh2  state  increases  is  observed  for  the  set  of  samples  with  26%  aluminum  in  the 
barrier  layers  (see  Fig.  4).  There  is  2in  increase  in  the  measured  peak  photoresponse  intensity 
between  the  50A  and  56A  quantum  well  widths. 

CONCLUSIONS 

We  have  performed  a  systematic  study  of  MQW  samples  in  which  the  barrier  height  was 
kept  constant  and  only  the  quantum  well  width  was  varied  in  2  monolayer  (~5A)  increments. 
This  study  was  to  further  examine  effects  of  the  position  of  the  lh2  resonant  state  on  the  normal 
incidence  photoresponse  in  p-type  QWIPs  for  well  widths  of  40A  and  above.  The  predicted 
narrowing  of  the  HHl  to  LH2  absorption  band  as  the  second  light-hole  state  approaches  the  top 
of  the  well  was  observed  in  several  samples.  However,  there  is  not  enough  data  to  make  a  reliable 
comparison  of  the  measured  photoresponse  intensity  and  the  theoretically  predicted  increase  in 
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Fig.  5  Normalized  photoresponse  spectra  for  two  samples  where  the  second  light-hole  state  is 
near  the  top  of  the  valence  band  quantum  well,  and  the  spectrum  from  a  previously  reported 
sample  with  a  40A  well  width  [5]. 

the  bound-to-continuum  absorption  as  a  function  of  the  second  light-hole  state  position.  To 
confirm  the  magnitude  of  the  increase  in  photo-excited  signal  for  an  optimized  p-type  QWIP,  we 
would  need  to  achieve  a  larger  set  of  samples  where  the  change  in  well  width  is  the  only  material 
parameter  that  is  varied.  Additional  sample  sets  are  currently  under  study  that  have  been  grown 
by  several  different  sources.  Once  the  optimum  design  rules  have  been  verified,  doping  studies 
will  be  performed  to  further  enhance  the  photoresponse  of  p-type  GaAs/AlxGai-xAs  QWIPs. 
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ABSTRACT 

The  CdxHgi-xTe  compounds  are  well  suited  to  the  design  of  semiconducting  devices 
incorporating  an  optical  microresonator  since  they  display  a  wide  variation  of  bandgap  and 
refractive  index  with  composition  x,  while  the  lattice  parameter  remains  practically  unchanged. 
It  is  then  possible  to  create  a  specific  optical  function  by  stacking  high  quality  pseudomorphic 
layers  on  a  crystalline  substrate. 

Microcavities  resonating  in  the  3-5  p.m  range  have  been  made  by  growing  a  lower  Bragg 
mirror  (10.5  periods)  and  a  nominally  undoped  cavity  medium  containing  a  50  nm  active  layer 
(CdTe-HgTe  pseudo-alloy).  The  upper  mirror  is  a  gold  layer  deposited  on  the  cavity.  The 
emission  of  these  Resonant  Cavity  Light  Emitting  Diodes  has  been  observed  in  the  3-4.5  pm 
range  up  to  room  temperature.  It  coincides  with  the  cavity  resonance  mode  (linewidth  8  meV). 
With  the  addition  of  a  ZnSATs  upper  mirror,  a  Vertical  Cavity  Surface  Emitting  Laser  at  3,06 
pm  has  also  been  demonstrated. 

The  microcavity  concept  appears  to  be  very  useful  for  designing  new  devices  for  the  3-5 
pm  range. 

INTRODUCTION 

The  resonant  cavity  concept  has  recently  been  developped  and  integrated  into  optoelectronic 
devices.  A  Fabry-Perot  cavity  is  a  type  of  optical  resonator  defined  by  two  plane  parallel 
mirrors.  If  the  distance  between  the  mirrors  is  a  small  number  of  half  wavelengths,  this  cavity 
supports  a  single  allowed  optical  mode:  the  lightwave  of  the  "resonant"  mode,  or  its 
harmonics,  is  able  to  propagate  within  the  cavity  since  the  light  reflected  on  the  mirrors 
interferes  constructively  with  the  main  beam.  The  other  wavelengths  are  not  allowed.  The 
density  of  optical  modes  is  thus  greatly  modified  with  respect  to  free  space  and  it  has  been 
shown  that  the  spontaneous  emission  was  correspondingly  affected  [1,2].  The  enhancement  or 
the  suppression  of  radiation  is  particularly  interesting  for  applications  involving  emission  or 
detection  of  radiation.  However  the  main  applications  have,  up  to  now,  been  devoted  to  the 
emission  or  detection  of  light  in  the  visible  or  near  infrared  spectrum,  mainly  designed  for 
silica  fiber  communication  [3]. 

The  CdxHgi-xTe  compounds  are  widely  used  for  infrared  detection  applications.  These 
materials  are  also  potentially  useful  for  emitting  devices.  The  variation  of  the  band-gap  with 
composition  x  enables  them  to  cover  a  wide  range  of  wavelengths  extending  from  0.8  pm 
(x=l)  to  more  than  12  pm  (x=0.2).  At  the  same  time  the  lattice  parameter  varies  by  less  than  3 
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10"^.  These  unique  properties  can  be  used  to  build  optical  resonators,  the  so-called 
microcavities,  by  stacking  layers  of  various  composition  and  optical  index. 

In  this  paper  we  will  first  describe  the  design  rules  and  growth  of  CdxHgj-xTe  Bragg 
mirrors  and  resonant  cavities.  Then  the  properties  of  the  Resonant  Cavity  Light  Emitting 
Diodes  (RCLED’s)  will  be  described.  The  last  part  will  be  devoted  to  the  laser  emission  in 
CdHgTe  compounds,  and  the  design  and  operation  of  an  infrared  vertical  cavity  surface 
emitting  laser  will  be  detailed. 

BRAGG  MIRRORS  AND  RESONANT  CAVITIES 

A  Bragg  mirror  is  obtained  by  stacking  several  layers,  each  of  optical  thickness  one  quarter 
of  a  wavelength,  with  alternatively  high  and  low  refractive  index  values,  respectively  n  i  and 
n2.  At  the  resonance  wavelength,  the  light  beams  reflected  at  each  interface  add  constructively. 
The  higher  the  refractive  index  contrast,  the  smaller  the  number  of  bilayers  required  to  reach  a 
given  reflectivity.  For  example  when  xCd  varies  between  0.35  and  0.75.  the  index  varies  by 

more  than  20%  (from 
3.46  to  2.8).  All  the.se 
layers  can  be  prepared 
by  Molecular  Beam 
Epitaxy. 

A  good  mirror  is 
achieved  only  if  the 
layers  do  not  absorb  the 
light  at  the  working 
wavelength.  This 
condition  can  be 
achieved  easily  if  that 
wavelength  is  far 
enough  in  the  infrared. 
As  an  example,  the  2 
1,5  2  w  3  3j  compositions  quoted 

wavelength  (micron)  above  (x  1=0,35  and 

Figure  1.  Experimental  reflexion  and  transmission  spectra  x2=0.75)  can  be  used  at 

from  a  Bragg  mirror  of  17.5  periods  of  Cdo  47Hgo  53Te  ^  above  but  tor 

/Cdo.75Hgo.25Te  shorter  wavelengths  x ) 

has  to  be  increased. 
Figure  I  shows  an 

example  of  the  reflectivity  -  transmission  spectra  of  a  mirror  prepared  for  a  central  wavelength 
of  2.59  pm  with  xi=0.47  and  X2=0.75.  The  refractive  index  contrast  is  of  13.2%.  With  17.5 
periods,  the  reflectivity  reaches  98.7  %. 

It  is  worth  noting  that  to  reach  such  a  reflectivity,  the  mirror  thickne.ss  must  be  fairly  high 
(7.5  pm).  For  shorter  working  wavelengths,  xi  must  be  increased  and  the  index  contrast  will 
decrease  accordingly.  It  is  then  more  and  more  difficult  to  get  high  reflectivities.  Fortunately, 
as  we  shall  see  in  the  next  section,  a  reflectivity  of  80%  is  often  enough  to  make  an  efficient 
device.  However,  for  very  short  wavelengths  (eg  around  1.5  pm  )  it  becomes  difficult  to 
design  a  good  mirror  made  only  of  a  pair  of  CdHgTe  compounds.  We  have  thus  prepared 
mirrors  which  are  based  on  the  lattice  matched  pair  of  alloys  :  CdZnTe-CdMgTe.  An  example 
of  transmission  spectrum  obtained  on  the  latter  kind  of  mirror  is  shown  in  figure  2  (full  line). 
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It  is  made  of  15  pairs  of 
Cdo.6Mgo.4Te/Cdo.98Zn 
O.OlTe  whose  refractive 
indices  are  respectively 
2.49  and  2.77  and  the 
central  wavelength  is  1.4 
|xm.  The  reflectivity 
achieved  is  92.5%. 

After  measurement  of 
the  mirror  transmission 
and  determination  of  the 
central  reflectivity 
wavelength,  the  sample 
was  reintroduced  into  the 
MBE  growth  chamber  and 
an  epitaxial  CdTe  cavity 
layer  of  appropriate 
thickness  was  grown. 


0  6-1  temperature 


,,  I . j  t  j  I  t  1  I  1  I  i  I* 

1,0  1.2  1.4  1.6  1.8 

Wavelength  (pm) 


The  final  transmission 
spectrum  is  shown  as  the 
dotted  curve  of  figure  2.  It 
now  displays  a  peak 
superimposed  on  the 
mirror  reflectivity.  This  is 
the  indication  of  the  Fabry-Perot  cavity  resonance,  which  is  not  very  sharp  in  this  case  since 
the  second  mirror  is  simply  the  interface  between  air  and  the  cavity. 

With  a  higher  reflectivity  mirror  the  resonance  may  be  very  sharp  and  tailored  to  the  device 
requirement.  Figure  3  shows  such  a  cavity  schematically. 

The  finesse  of  a  Fabry-Perot  resonator  is  given  by: 


Figure  2.  Transmission  spectrum  measured  on  a  Bragg  mirror 
of  15  pairs  of  Cdo.6Mgo.4Te/Cdo.98Zno.02Te  layers  (full 
line)  and  on  the  Bragg/cavity /air  system  (dotted  line) 


F=A\fh=K  (Ri.R2)1/4  /  (1-(R|R2)1/2)  ( i ) 


where  X  is  the  resonance  wavelength  and  5A,  is  the  resonance  width  at  half  maximum. 


Incident 

light 


Figure  3.  Scheme  of  a  typical  cavity  with  2  epitaxial  Bragg  minors 
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Figure  4.  Measured  (full  line)  and  calculated  (dashed  line)  transmission  spectra  of 
a  typical  microcavity  with  2  epitaxial  mirrors  of  reflectivities  of  7 1  %  and  75.290 


The  transmission  spectrum  of  a  cavity  resonating  at  2.91  pm  and  made  of  2  epitaxial 
mirrors  is  reproduced  in  figure  4.  The  substrate  is  a  Cdo.96Zno.04Te  (100)  crystal.  The 
bottom  mirror  (substrate  side)  consists  of  9  periods  (reflectivity  71%)  and  the  upper  mirror  of 
6  periods  (reflectivity  of  the  mirror/air  couple  75.2%).  The  mirrors  are  made  up  of  alternate 
layers  of  Cdo.47HgO.53Te  and  of  Cdo.75Hgo.25Te  which  have  an  index  contrast  of 
12%.The  cavity  of  Cdo.47Hgo.53Te  is  half  a  wavelength  thick. 

The  dashed  curve  is  the  simulated  spectrum  obtained  with  the  nominal  growth  parameters 
using  standard  matrix  transfer  techniques  and  the  published  refractive  index  data  [4].  The 
calculated  spectrum  reproduces  most  of  the  experimental  features.  An  even  better  fit  could  be 
obtained  by  slightly  adjusting  the  growth  parameters.  The  experimental  finesse  of  this  cavity  is 


61. 

RESONANT  CAVITY  LIGHT 
EMITTING  DIODES 

Dfisgfiplion  !af.thg  dgvicg 

A  microcavity  light  emitting  diode  is 
represented  in  figure  5  [5,6].  The  optical 
Fabry-Perot  resonator  consists  of  a  Bragg 
mirror  of  10.5  periods,  a  'kll  cavity  and  an 
upper  metallic  mirror.  The  lower  Bragg 
mirror  is  grown  first,  on  the 
Cdo.96Zno.04’rc  (100)  substrate. 

The  high  and  low  index  layers  are 
respectively  Cdo.45Hgo.55Te  and 
Cdo.75Hgo.25Tc.  The  thickness  of  each 


•miMion 

Figure  5.  Resonant  Cavity  Light  Emitting 
Diode  (schematic). 
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layer  is  again  a  quarter  of  the  resonance  wavelength  (3.2  |xm  in  this  case).  The  last  period  of 
this  mirror  is  n-type  doped  with  indium  to  10^^  cm"^.  The  }J2  cavity  medium  is  made  of  the 
high  gap  Cdo.75HgO.25Te.  An  active  layer  consisting  of  50  nm  of  CdTe-HgTe  pseudo  alloy 
is  inserted  in  the  middle  of  the  cavity.  The  last  100  nm  of  the  cavity  are  p-type  doped  with 
nitrogen.  We  added  some  zinc  to  the  the  contact  region,  in  order  to  enhance  the  nitrogen 
activity  in  the  doped  zone[  7].  The  cavity  is  terminated  by  a  gold  mirror  which  is  also  used  as 
an  ohmic  contact  to  the  p-type  side.  The  cavity  layer  is  wet  etched  in  order  to  contact  the  n-type 
layer  with  indium  metal. 


Snectral  properties 


The  transmission  spectra  of  the  epitaxial  mirror  and  of  the  full  cavity  are  shown  in  figure  6. 
(For  measuring  the  cavity,  a  semitransparent  gold  layer  has  been  deposited  as  a  second 
mirror).  The  transmission  scale  has  been  expanded  by  a  factor  15  for  the  cavity.  The  dashed 
curves  give  the  calculated  spectra.  The  cavity  resonance  produces  the  transmission  peak  at 
3.16  pm  whose  linewidth  is  59  nm  (7.2  meV).  The  electroluminescence  spectrum  measured  at 
room  temperature  with  a  current  of  6.5  mA  is  exactly  matched  to  the  resonance  line. 


Figure  6.  Transmission 
spectra  measured  (full 
line)  and  calculated 
(dashed  line)  for  the  Bragg 
mirror  (a)  and  for  the  full 
cavity  (b).  The  experimen¬ 
tal  electroluminescence 
spectrum  was  measured 
with  a  forward  current  of 
6.5  mA 

Detailed  measurements 
of  the  electroluminescence 
spectra  have  been 
performed  and  analysed  at 
low  temperatures  where 
the  emission  efficiency  is 
somewhat  higher  and  the 
linewidth  is  slightly 
smaller.  All  these  spectra 
display  the  very  narrow 
peak  centered  on  the 
resonance  mode  of  the 
cavity  (figure  7).  The  line 


is  much  narrower  than  the  emission  line  of  the  active  medium  and  its  width  is  independent  of 


the  injected  current.  This  rules  out  any  possibility  of  stimulated  emission  narrowing.  The 
broad  band  around  2.4  pm  appears  to  be  due  to  a  parasitic  recombination  in  the  small  gap 


layers  of  the  mirror. 
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The  predominant  role 
of  the  cavity  on  the 
emission  spectrum  is 
further  confirmed  by  the 
temperature  variation  of 
the  emission.  As  is  well 
known,  the  bandgap  of 
semiconductors  varies 
with  temperature.  For 
small  gap  CdHgTe 
compounds  it  increases 
with  increasing 
temperature.  An 
increase  of  about  30 
meV  (corresponding  to 
a  decrease  of  the 
emission  wavelength  of 
0.25  p.m)  is  then 
expected  between  10 
and  300  K.  Instead  of 
that  we  observe  a  small 
decrease  of  the  emission 
wavelength  of  0.04  pm 
(figure  7)  which  is  only 
due  to  the  shift  of  the  optical  constants  with  temperature. 

In  the  same  figure  the  room  temperature  emission  spectrum  measured  on  the  active  materia) 
alone  is  shown  for  comparison.  The  narrowing  effect  of  the  cavity  is  clearly  seen. 

Efficigngy  and  angular  variaii^n 

The  theoretical  study  of  resonant  microcavity  devices  has  shown  that,  in  the  direction 
normal  to  the  cavity  and  for  the  resonance  wavelength,  the  emission  enhancement  is  given  by 
[8] 


wavelength  (micron) 

Figure  7.  Electroluminescence  spectra  measured  at  10  and 
300K  on  a  RCLED  and  photoluminescence  spectrum  measured  at 
300K  on  a  pseudo  alloy  similar  to  that  in  the  active  layer 


G=  (4/2)  (Tcav/T)  (1+  R2>/2)2(1.r,)  (1.  (R,R2)I/2)-2  ,2, 

With  the  structure  described  in  figure  6,  typical  values  of  the  reflectivities  are  R|=84^f ,  for 
the  Bragg  mirror,  and  R2=95%,  for  the  metallic  mirror.  The  antinode  enhancement  factor  4  is 
taken  as  2,  since  the  active  medium  is  located  at  the  center  of  the  cavity.  The  cavity  radiative 
lifetime  Tcav  is  only  slightly  changed  with  respect  to  its  bulk  value  x.  The  corresponding  factor 
can  be  taken  as  1,  With  these  values  the  theoretical  enhancement  factor  reaches  55.  The 
experimental  enhancement  is  not  easily  determined  since  that  would  need  fabrication  and 
measurement  of  the  emissivity  of  a  similar  diode  without  any  cavity.  From  equation  ( 1 )  one 
deduces  that,  the  higher  the  reflectivities,  the  higher  the  enhancement  factor.  But 
simultaneously  as  the  cavity  finesse  increases  and  the  emission  band  becomes  narrower  there 
is  a  decrease  of  the  emitted  power.  There  is  then  an  optimum  value  for  the  reflectivity  of  tlie 
mirror  which  gives  maximum  emitted  energy.  In  fact  this  compromise  has  to  be  established  for 
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each  application,  taking  into  account  the  linewidth  it  requires.  From  this  point  of  view,  the 
RCLED's  devices  presented  here  have  not  been  optimized. 

The  angular  emission  diagram  is  another  interesting  feature  of  these  devices.  Theoretical 
calculations  have  been  performed  [9]  which  demonstrate  that,  in  addition  to  the  central  mode, 
showing  emission 
enhancement,  there  is  a 
depletion  cone  with  lower 
emission  than  in  the  non 
cavity  case  (see  figure  8, 
where  the  emission 
intensity  is  normalized  to 
the  emission  in  the  absence 
of  a  cavity). 

But  for  large  angles 
(larger  than  28  degrees  in 
the  case  of  the  figure),  on 
the  average  there  is  no 
effect  of  the  cavity.  In 
addition,  at  very  large 
angles,  there  is  a  guided  or 
leaky  mode  which 
efficiently  extracts  the  light 
out  of  the  device. 

This  figure 

demonstrates  that  the 
directivity  is  improved,  in 
the  resonant  cavity  emitter 
case.  This  point  has  been 
experimentally  verified  in 
the  infrared  RCLED's  [10].  The  measurement  of  the  emission  under  various  angles  of  view 
shows  first  a  shift  of  the  central  line  to  smaller  wavelengths.  This  is  what  is  expected  for  a 
cavity-driven  emission  (figure  9). 

This  experimental  shift  is  in  good  agreement  with  the  theoretical  variation  as  shown  in  the 
left  part  of  figure  10.  The  integrated  intensity  variation  with  emission  angle  (right  part  of  figure 

10)  displays  a  full  width  at  half 
maximum  angle  of  55°.  The  same  kind 
of  measurements  have  been  done  for 
the  parasitic  line  at  2.4  pm  of  figure  7. 
There  is  no  variation  of  the  central 
wavelength  and  the  FWHM  angle  is 
85°,  corresponding  to  what  is  expected 
without  a  cavity. 

The  measurement  of  the  external 
quantum  efficiency  gives  the  ratio  of 
the  energy  emitted  in  the  central  cone 
to  the  energy  injected  in  the  device. 
This  efficiency  has  been  found  to  vary 
from  2.4  lO'^  to  2  lO''^  between  15 


Figure  9.  Electroluminescence  spectra  measured 
for  different  collection  angles 


Figure  8.  Calculated  spontaneous  emission  rate  as  a  function 
of  the  emission  angle  for  an  emitter  in  a  cavity  with  2 
GaAs/AlAs  mirrors  of  10  periods  (from  reference  [9]) 
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and  300  K  [10].  It  is  interesting  to 
compare  these  figures  with  values 

published  for  conventional  light  Max.  wavelength  Intensity 

emitting  diodes,  in  the  wavelength 
range  from  3  to  5.5  pm.  This  is 
done  in  figure  1 1 . 

The  solid  symbols  are  for  the 
present  RCLED's  results  and  other 
symbols  for  conventional  LED's. 

For  our  measurements  we  have 
integrated  the  light  in  the  emission 
cone  (55®  FWHM).  It  is  interesting 
to  observe  that  these  first  RCLED 
data  are  already  comparable  to  the 
values  obtained  with  other  materials 
and  other  technologies.  In  addition, 
in  the  RCLED  case,  the  emission  is  Figure  10.  Measured  and  calculated  peak 
concentated  in  a  narrow  spectral  wavelength  versus  angle  (full  scale  radius:  75%  to 
band  and  a  narrower  emission  100%  of  central  wavelength)  (left  side);  diagram  of 
angle.  The  quantum  efficiency  then  the  main  and  secondary  peaks'  intensities  versus 

gives  a  "useful  light"  efficiency.  angle,  normalized  to  100%  for  normal  incidence 

There  are  several  paths  of  (right  side) 
improvement  which  should  lead  to 
even  more  efficient  resonant  cavity 

devices.  It  has  recently  been  demonstrated  in  the  near  infrared  (0.8  pm)  that  an  external 
quantum  efficiency  of  16%  was  achievable  with  planar  structures  Ill].  At  the  same  time, 
general  solutions  have  been  proposed  to  enhance  the  fraction  of  the  spontaneous  emission 
which  is  controlled  by  the  microcavity  112]  and  experimental  results  were  published  ;  increase 
of  the  index  contrast  of  the  mirrors  which  enhances  the  action  angle  of  the  Bragg  mirrors  [13). 
association  of  a  Bragg  mirror  and  of  a  metallic  one  [14],  control  of  the  transverse  modes  in 
laterally  structured  devices  [15). 


VERTICAL  CAVITY  SURFACE  EMITTING  LASER 

In  the  previous  devices  the  reflectivity  of  the  mirrors  was  not  set  to  very  high  values  (82% 
for  the  Bragg  mirrors)  and  some  losses  are  expected  in  the  metallic  mirror  (5%).  If  one  wants 
to  use  the  resonance  of  the  cavity  to  produce  optical  gain,  the  reflectivity  of  the  mirrors  has  to 
be  increased  while  the  losses  must  be  kept  to  a  minimum.  A  first  approach  to  the  net  gain 
needed  for  observing  laser  emission  can  be  calculated  from  the  following  formula,  which 
expresses  the  fact  that  the  gain  at  the  laser  threshold  Gth  compensates  for  the  reflection  losses: 

Gth=-(rLacir'ln(RlR2)°-5  (3) 

where  r  is  the  optical  confinement  factor  and  Lact  is  the  thickness  of  the  active  pan  of  the 
cavity  length. 
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We  have  chosen  to  start  this 
VCSEL  demonstration  at  a 
wavelength  around  3  |im  which 
is  very  specific  of  CdHgTe 
compounds.  The  data  deduced 
from  measurements  on 
conventional  guided  lasers  give  a 
maximum  gain  of  100  cm"^  at 
lOOK  (obtained  at  a  pump  power 
of  100  kW/cm2)  for  a 
GRINSCH  structure  emitting  at 
3.1  |im  [16,17].  In  such  a 


Wavelength  (microns) 

Figure  11.  Diagram  of  the  published  quantum 
efficiency  measured  for  a  number  of  infrared 
emitting  LED's:  +  :  InAsSb  (W.  Dobbelaere  et 
al..  Electron.  Lett.  29,  890  (1993));  A  i 
InAsSb  (P.J.P.  Tang  et  al.,  Semicond.  Sci. 


structure  the  light  confinement 
factor  (ratio  of  the  emitting 
medium  width  to  the  light  guide  width)  is 
less  than  0.1.  This  gives,  at  this 
temperature,  an  intrinsic  gain  of  about  1(X)0 

cm"l. 


Technol.  10,  1177  (1995));  open  square 
InAlSb  (  T.  Ashley  et  al.,  Appl.  Phys.  Lett. 
64,2433  (1994));  x  :  InGaAs  (M.K.  Parry  et 
al..  Electron.  Lett.  30,  1969  (1994));  O  : 
CdHgTe  (H.  A.  Tarry,  Electron.  Lett.  22,  416 
(1986));  open  diamonds  :  CdHgTe  (P. 
Bouchut  et  al.,  J.  Vac.  Sci.  Technol.  B9,  1794 
(1991));  •  :  CdHgTe  RCLED's  (our  results). 


Reducing  the  temperature  allows  either  an 
increased  gain  at  the  same  pump  power  or  a 
substantial  reduction  of  the  pump  power. 
We  have  then  estimated  the  available  gain  in 
the  structure,  at  low  temperature,  to  be 
about  2000  cm’^.  The  confinement  factor  is 
taken  as  0.5  and  the  active  layer  thickness 
Lact=01litif^-  With  these  data  a  reflectivity 


product  RiR2=0.98  is  needed.  We  have 


lOOnm 

CdHgTeAlgTe 

pseudo-alloy 


Laser  light 
3.06|im 


also  chosen  a  photopumping  technique. 
This  means  that  at  least  one  of  the  mirrors 
must  be  transparent  to  the  pump  laser,  a 
YAG  microlaser  emitting  at  1.06  )J.m.  The 
structure  of  the  device  is  described  in  figure 
12  [18],  The  bottom  mirror  is  a  16.5  period 

Figure  12.  Photopumped  vertical  cavity 
surface  emitting  laser  designed  for 
emission  at  3. 1  pm.  The  bottom  mirror  is 
a  MBE  grown  Bragg  mirror  of  16.5 
periods  (Cdo  .  7  5  H  g  o  .  2  5 'Te  / 
Cdo.4Hgo.6Te).  The  Cdo.75Hgo.25Te 
cavity  is  3X,/4  thick  and  consists  of 
CdTe/HgTe  pseudo-alloy.  The  upper 
mirror  contains  7  periods  of  ZnS/YF3.  It 
is  designed  to  allow  photopumping  with  a 
YAG  laser  at  1.06  pm. 
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Bragg  mirror  epitaxially  grown  on  a  CdZnTc  substrate.  The  high  and  low  index  layers 
contain  respectively  40%  and  75%  of  cadmium.  The  expected  reflectivity  is  98.5%.The 
cavity  medium  is  a  Cdo.75Hgo.25Te  layer  of  thickness  3X/4.  The  active  layer  is  in.serted  at  the 
position  of  maximum  electric  field.  It  consists  of  100  nm  of  HgTe-Cdo.75Hgo.25Te  pseudo 
alloy  whose  effective  band  gap  is  near  4  pm. 

The  upper  mirror  is  a  dielectric  stack  of  ZnS  and  YF3  layers.  Due  to  the  high  index  contrast 
between  the  two  materials  (respectively  2.257  and  1.46),  the  reflectivity  of  99.7%  is  reached 
with  only  7  periods.  Both  materials  are  transparent  to  the  excitation  laser. 

With  these  reflectivity  values  the  theoretical  finesse  of  the  cavity  is  350.  The  expected 
linewidth  for  the  cavity  without  losses  is  then  2  nm.  The  photoluminescence  spectrum 
measured  at  15  K  before  the  deposition  of  the  dielectric  mirror  is  a  very  broad  line  extending 
from  2.95  to  3.7  pm  (with  a  net  reinforcement  around  3  pm  showing  that  there  is  already 
some  cavity  effect  due  to  the  air/cavity  interface).  The  transmission  spectrum  of  the  cavity 
shows  the  cavity  mode  at  3.06  pm  which  has  been  broadened  to  30  nm  by  the  ab.sorption 
losses  in  the  active  layer  (absorption  coefficient  of  70(X)  cm'  *at  3  pm). 

With  the  complete  cavity  and  under  cw 
excitation  the  photoluminescence 
spectrum  is  hardly  detected  (figure  13 
inset).  Indeed  the  active  layer  emission  is 
not  well  centered  on  the  cavity  mode.  But 
under  pulsed  excitation  a  well  defined  and 
intense  light  emission  at  3.06  pm  is 
measured  while  a  weak  emission  is 
detected  at  3.4  pm. 

The  linewidth  of  the  laser  emission  is 
found  to  be  13  nm.  It  is  in  fact  limited  by 
the  resolution  of  the  spectrometer  (5  nm). 
It  is  interesting  to  note  that  in  this  case  the 
line  edges  are  very  sharp,  much  sharper 
than  in  the  case  of  the  RCLED  spectra. 
This  clearly  confirms  that  the  light 
amplification  is  active  only  at  the 
maximum  of  the  cavity  resonance.  A 
further  confirmation  is  provided  by  the 
variation  of  the  light  intensity  with  the 
pump  power  shown  in  figure  13.  The 
threshold  for  lasing  is  found  at  a  pump 
power  of  45  kW/cm^.  This  is  an  upper 
limit  calculated  with  the  assumption  of  a 
transmission  of  50%  across  the  dielectric 
mirror.  The  true  threshold  could  be  somewhat  smaller  if  the  transmission  of  the  mirror  is 
smaller. 

The  increase  of  the  working  temperature  leads  to  a  rapid  decrease  of  the  emitted  light.  The 
laser  emission  has  not  been  observed  above  30  K.  There  are  several  reasons  for  this.  First  the 
detuning  between  spontaneous  emission  and  cavity  resonance  may  become  too  large  to  be 
compensated  by  the  wavelength  shift  under  strong  excitation  and  secondly,  as  the  temperature 
increases,  the  non-radiative  Auger  effect  is  expected  to  reduce  the  optical  gain.  This  can  be 


Figure  13.  Emission  intensity  as  a  function  of 
the  pump  power.  The  inset  shows  the  emitted 
spectrum  at  low  and  high  excitation  powers. 
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understood  from  recent  results  obtained  on  conventional  laser  structures  [16.17].  The 
recombination  of  carriers  within  the  active  layers  is  governed  by  a  rate  equation: 

dn/dt=  A  n^  +  C  n^ 

where  the  A  n^  term  describes  the  radiative  recombination  events  while  the  C  n^  term  is  for  the 
non  radiative  Auger  type  recombination.  The  A  coefficient  decreases  slowly  with  temperature 
while  C  is  temperature  independent.  On  increasing  temperature,  to  maintain  the  optical  gain 
above  the  lasing  threshold,  n  has  to  increase.  The  non  radiative  term,  which  is  in  n  cubed,  then 
increases  faster  and  faster.  This  effect  may  rapidly  limit  the  optical  gain  in  the  structure.  The 
Auger  coefficient  C  has  been  experimentally  determined  for  cadmium  mercury  telluride  layers 
of  various  composition,  corresponding  at  various  operating  wavelengths: 

1  =  1.97  pm  C=  4.9  lO'^S  ernes'  1 

1  =  2.3  pm  C=  2.5  10‘27  cm^s“l 

1  =  3.25  pm  C=9  10-26cm6s-l 

It  is  clear  that  the  choice  for  this  VCSEL  of  an  operating  wavelength  longer  than  3  pm  was 
a  challenge.  There  are  several  ways  of  reducing  the  laser  threshold:  higher  reflectivity  mirrors, 
smaller  emission  wavelength.  Also  the  design  of  the  active  medium  could  lead  to  a  significant 
reduction  of  the  Auger  coefficient  as  in  GalnAs  lasers.  Some  preliminary  results  have  been 
obtained  demonstrating  that  the  use  of  a  strained  quantum  well  significantly  reduces  the  laser 
threshold  [19]. 

CONCLUSION 

The  cadmium  mercury  telluride  compounds  are  well  suited  to  the  design  and  preparation  of 
optoelectronics  devices  for  the  mid  infrared  range.  We  have  prepared  resonant  cavity  light 
emitting  diodes  emitting  in  the  3-4  pm  range  whose  emission  efficiency  is  already  above  10"^ 
at  room  temperature.  These  devices  display  a  very  narrow  spectral  distribution  and  a  narrower 
emission  cone  than  conventional  LED's.  All  the  properties  are  quasi  insensitive  to  the 
temperature  variation.  VCSEL  emission  at  3  pm  under  photopumping  has  been  obtained  for 
the  first  time. 
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ABSTRACT 

The  results  of  arsenic  incorporation  in  HgCdTe  (MCT)  layers  grown  by  molecular  beam 
epitaxy  (MBE)  are  reported.  The  incorporation  into  MBE-MCT  was  carried  out  by  a  technique 
called  planar  doping.  Arsenic  was  successfully  incorporated  during  the  MBE  growth  or  after  a 
low  temperature  anneal  as  acceptors.  These  results  are  very  promising  for  in-situ  fabrication  of 
advanced  optoelectronic  devices  using  HgCdTe  material. 

INTRODUCTION 

MBE-MCT  based  IR  technology  has  reached  a  high  level  of  maturity  leading  to 
fabrication  of  sophisticated  opto-electrical  devices.  This  technology  requires  p-n  junctions  with 
well  controlled  concentration  level  of  dopants.  For  that  matter  an  increased  emphasis  on 
replacing  native  defect  doping  with  extrinsic  dopants[l].  Concerning  the  n-type  case,  indium  (In) 
has  been  extensively  studied  in  MCT  grown  by  MBE[2-5].  Indium  doped  epilayers  show 
excellent  electrical  properties.  Electron  mobilities  as  high  as  2  xlO*  cmW-s  and  minority  carrier 
lifetimes  in  the  order  of  l^Asec  at  80  K  for  Cd  composition  x=22%  are  currently  obtained. 
However  replacing  native  acceptor  defect  doping  with  extrinsic  acceptor  dopant  at  the  MBE 
growth  of  MCT  or  after  a  low  temperature  anneal  not  exceeding  250“C  has  proven  to  be  a 
serious  problem.  Using  an  extrinsic  acceptor  dopant  rather  than  the  native  defect  acceptor  has  at 
least  two  major  advantages.  First,  the  Shockley-Read  limited  carrier  lifetime  could  be  enhanced  if 
an  extrinsic  dopant  whose  energy  level  is  closer  to  the  band  edge  is  used.  Second,  when  extrinsic 
dopants  are  used,  and  the  native  acceptor  defect  concentration  has  been  reduced  well  below  the 
concentration  of  the  dopants,  the  performance  of  MCT  p-on-n  heterojunctions  has  improved[6]. 
Several  attempts  were  made  to  use  elements  of  group  I  to  achieve  p-type  doping  of  MCT  grown 
by  MBE[7-9]  and  almost  all  these  elements  show  high  diffusivity[7,8],  hence,  they  were  deemed 
to  be  unsuitable  for  that  matter.  On  the  other  hand,  group  V  elements,  with  their  large  size  and 
low  difftisivity,  are  expected  to  result  in  stable  and  give  well  controlled  doping  level  with  good 
electrical  activity.  Arsenic,  which  is  the  dopant  of  choice  for  MCT-  MBE,  has  been  extensively 
studied  by  almost  all  MCT  growth  techniques[10,12].  Our  mmn  concern  in  this  study  is  to  obtain 
p-type  doped  MCT-MBE  epilayers  using  arsenic  at  the  growth  temperature  or  after  a  low 
temperature  anneal  in  order  to  preserve  the  integrity  of  the  structure,  so  that  MBE  will  not  lose 
the  advantages  associated  with  its  low  temperature  growth,  leading  to  the  fabrication  of  in  situ 
sharp  interfaces  and  avoiding  diffusion  of  dopants  that  could  result  fi'om  the  high  temperature 
annealing.  The  two  major  obstacles  that  we  are  facing  for  p-type  doped  MBE-MCT  layers  at  the 
growth  temperature  is  two  fold.  First,  arsenic  has  proven  to  exhibit  an  amphoteric  behavior  in 
MCT[13].  Second,  contrary  to  what  can  be  achieved  in  liquid  phase  epitaxy  (LPE),  metal-organic 
vapor  phase  epitaxy  (MOVPE),  or  bulk  growth,  the  growth  of  MCT  by  MBE  is  taking  place 
under  tellurium  rich  condition[14],  hence,  the  natural  and  the  most  probable  choice  for  arsenic  is 
to  form  a  bond  with  Te  by  occupying  a  metallic  sublattice  site  (Cd  or  Hg)  and  acts  as  a 
donor[10,15].  Many  approaches  have  been  tried  for  achieving  p-type  doping  during  the  MBE 
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growth  of  MCT  using  arsenic[  16-23].  However,  none  of  these  approaches  could  lead  to  in-situ 
incorporation  of  arsenic  in  MCT-MBE  as  an  acceptor  during  the  growth  process. 

In  this  paper  we  present  a  novel  approach  on  how  to  force  arsenic  to  occupy  the 
nonmetallic  sublattice  site  (Te)  and  act  as  an  acceptor  during  the  growth  process  or  after  a  low 
temperature  annealing  not  exceeding  2S0"C.  We  will  discuss  our  latest  results  on  arsenic 
incorporation  into  (211)B  oriented  HgCdTe  layers  grown  by  MBE  at  the  Microphysics 
Laboratory  at  the  University  of  Illinois  at  Chicago. 

EXPERIMENTS 

All  the  MCT  epitaxial  layers  were  grown  on  (21 1)B  oriented  CdZnTe  substrate  in  an  ISA 
Riber  2300  MBE  nuichine.  The  details  of  growth  have  been  published  else«diere[24].  The 
cadmium  composition  and  epilayer  thickness  were  determined  at  room  temperature  by  infived 
transmission  measurements.  The  transport  measurements  of  the  epilayers  (carrier  concentration 
and  mobility)  were  performed  by  the  Van  der  Pauw  technique  for  temperatures  ranging  from 
300K  to  23K,  and  with  magnetic  field  up  to  1.0  Tesla. 

Arsenic  incorporation  into  HgCdTe  layers  was  achieved  by  the  planar  or  delta  doping 
approach.  The  purpose  of  this  technique  is  to  enhance  the  arsenic  mercury  bond  formation.  This 
is  done  by  alternating  a  sheet  or  plane  of  arsenic  between  two  thin  layers  of  MCT  and  repeating 
this  operation  until  the  desired  thickness  is  obtained.  An  MCT  layer  of  20  to  200  A  thickness  is 
grown.  The  growth  is  then  stopped  for  few  seconds  while  Hg  shutter  remains  all  the  time  open, 
then  the  arsenic  shutter  is  open^  for  only  a  couple  of  seconds  (  3  to  10  sec  ),  then  the  growth  of 
MCT  is  restarted.  The  arsenic  concentration  in  the  films  was  confirmed  via  secondary  ion  mass 
spectroscopy  (SIMS)  analysis  performed  at  Charles  Evans  and  Associates  using  a  CAMECA 
primary  ion  bombardment  with  a  net  impact  energy  of  14.5  KeV 

RESULTS  AND  DISCUSSION 

Table  1  summarizes  the  electrical,  nuterial  arxl  structural  data  of  the  investigated  arsenic 
planar  doped  epilayers,  except  for  sample  #1264  which  was  grown  and  doped  with  arsenic  using 
the  conventional  approach,  in  this  approach  all  the  shutten  are  opened  at  once  including  arsenic 
shutter.  Comparison  of  these  results  with  the  SIMS  results  show  that  we  could  achieve  arsenic  p- 
type  doping  of  Hgi.xCdxTe  at  the  MBE  growth  temperature  or  after  a  low  temperature  annod 
using  plaiuir  doping  technique  with  arsenic  activation  as  high  as  85%.  We  noticed  when 
comparing  samples  grown  with  identical  growth  conditions  that  SIMS  results  show  that  in  sonte 
cases  the  smaller  the  thickness  of  MCT  period,  the  smaller  the  average  concentration  of  arsoiic  in 
the  sample  per  cm^.  This  can  be  explained  by  the  (act  that  v^^ien  the  growth  conditions  are  the 
same,  hence  the  growth  rate  of  Hgi^Cd^Te  is  the  same,  thus,  growing  a  layer  with  larger  MCT 
period  will  require  keeping  the  arsenic  shutter  closed  for  longer  time.  During  this  time  the 
temperature  of  the  Knudsen  cell  carrying  arsenic  could  rise  slightly  and  hence  the  flux  of  arsenic 
could  increase,  leading  to  a  higher  concemration  of  arsenic  in  the  qnlayers  with  larger  thickness 
of  MCT  period.  Another  possibility  that  could  explain  this  unexpected  behavior  is  the  SIMS 
results  show  that  the  arsenic  profiles  are  associated  with  peak  structures  and  we  bdieve  that  these 
are  due  to  the  periodic  nature  of  arsenic  concentration.  Higher  resolution  SIMS  measurements 
need  to  be  performed  for  further  confirmation  of  these  findings. 
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Table  I.  Summary  of  the  measured  parameters  of  arsenic  planar  doped  MBE-Hfii.xCdxTe  layers 


Sample 

x(%) 

t(pm) 

HgCdTe 

Period(A) 

Hall  charactenstics 
as  grown  or  annealed  at  250°C 
N,-Nd  \i  at  80K 

(cm*^)  (cmW-s) 

SIMS 

(cm-^) 

1207* 

33.8 

2.0 

75 

100 

5.5xl0‘* 

1260 

32.6 

2.18 

61 

208 

5.0x10^^^ 

1262 

35.3 

KSM 

49 

lUiSIiMAll 

60 

7.0xl0‘* 

1263 

34 

98 

IBESEBI5!II 

142 

1.7x10*'’ 

1264** 

32.6 

2.49 

4700 

1265 

EiBi 

2.31 

88 

KESEBBSII 

185 

1.0x10** 

1266 

■CWKM 

2.44 

93 

50 

2.5x10** 

1267 

30.8 

1.97 

55 

198 

3.5x10" 

*  Sample  1207  is  measured  as  grown. 


**  Sample  1264  is  conventionally  doped. 


Figure  1  shows  the  graph  of  the  carrier  concentration  obt^ned  from  the  Hall 
measurements  versus  inverse  temperature  for  sample  1265,  these  measurements  reveal  that  we 
could  obtain  a  p-type  conductivity  for  that  sample  after  an  annealing  at  250‘'C  under  mercury 
saturated  environments  with  a  mobility  value  at  low  temperature  of  180  cn^fV-s. 
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Figure  (1)  Hall  characteristics  of  arsenic  planar  doped  sample  #  1265  (represented  with  the 

symbols  o,#)  and  a  conventionally  doped  sample  #  1264  (represented  with  the  symbol 
□);  x=33%,  after  annealing  at  250®C.  The  data  was  taken  at  a  magnetic  field  strength 
of  0.59  Tesla. 

Also,  figure  1  shows  Hall  measurement  results  on  a  conventionally  doped  epilayer  (sample 
1264).  After  an  anneal  at  250“C  under  mercury  rich  conditions  of  both  samples,  the  planar  doped 
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layer  exhibits  a  p-type  conductivity,  while  the  conventionally  doped  layer  remains  n-type.  This 
latter  sample  converted  to  p-type  with  a  carrier  concentration  value  at  low  temperature  of  IxO'* 
cm*^  after  an  anneal  at  4S0°C  followed  by  a  250'’C  anneal  under  mercury  saturate  conditions. 

SUMMARY 

In  this  woilc,  we  used  the  planar  doping  technique  to  iiKX>rporate  arsenic  as  an  acceptor  in 
HgCdTe  layers.  The  layers  were  p>type  as  grown  or  only  required  low  temperature  annealing 
(not  excee^g  2S0T).  Our  tabulated  results  show  SIMS  measurements  confirm  the  arsenic 
incorporation  into  MBE-MCT  epilayers  and  the  results  show  a  good  activation  of  arsenic  during 
the  MBE  growth  when  arsenic  concentration  is  in  the  order  of  lO'*  cm‘^.  This  work  confirms  that 
arsenic  can  be  an  effective  acceptor  dopant  at  the  MBE  growth  temperature  of  Hgi^d^Te.  These 
findings  are  very  promising  as  an  alternative  iq)proach  to  obtain  arsenic  p-type  doped  Hgi^rCdsTe, 
hence  very  promising  for  the  IR  FPA  technology. 
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ABSTRACT 

Molecular  beam  epitaxy  (MBE)  offers  benefits  such  as  the  capability  for  growth  of 
compositionally-tailored  heterostmctures  and  in-situ  doping  of  HgCdTe  alloys.  These 
capabilities  were  applied  to  the  growth  of  long  wave  infrared  unispectral  focal  plane  arrays 
(FPA)  with  480x4  elements.  The  detectivity  (D*)  map  of  the  FPA  demonstrated 
performance  that  was  higher  than  the  specification  value,  with  no  defective  channels. 
Two-color  detectors  with  the  n-p-n  architecture,  for  the  simultaneous  detection  of  two 
closely  spaced  bands  in  the  midwave  infrared  spectmm  were  also  grown  by  MBE.  These 
devices  exhibited  sharp  turn-off  and  tum-on  in  both  bands.  The  quantum  efficiency  was 
greater  than  70%  and  average  R^A  values  exceeded  1x10^  fl-cm^  in  both  bands.  These 
result  demonstrate  that  high  performance  HgCdTe  devices  can  be  grown  by  MBE. 


INTRODUCTION 

Molecular  beam  epitaxy  (MBE)  technology  offers  benefits  such  as  in-situ  n-  and  p- 
type  doping  capability,*  low  background  doping  levels,^  capability  for  the  growth  of 
compositionally-tailored  multilayer  heterojunction  devices,  and  heteroepitaxial  growth  of 
HgCdTe  detector  structures  on  Si  subst^ates^  As  a  result  IVffiE  has  emerged  as  the  premier 
vapor  phase  epitaxial  growth  technique  for  the  growth  of  HgCdTe  detectors.  The  77K- 
performance  of  unispectral  devices  currently  grown  by  MBE  are  on  par  with  those  grown 
by  employing  the  more  established  liquid  phase  epitaxial  growth  technique."* 

Of  Ae  MBE-capabilities  mentioned  above,  p-type  doping  of  HgCdTe  alloys  is  a 
particularly  challenging  task.  This  is  due  to  the  low  sticking  coefficient  of  As  acceptor 
impurities  necessitating  growth  at  low  temperatures,  coupled  with  the  extreme  sensitivity  of 
HgCdTe  film  properties  on  growth  temperature.  As  reported  first  in  a  patent  in  1991,  and 
also  in  more  recent  publications,  at  Hughes  we  have  developed  a  unique  process  to  address 
these  issues  associated  with  p-type  doping  of  HgCdTe  alloys.*'^  This  robust  process  has 
been  used  for  the  growth  of  p-type  Hgi-xCdxTe  films  (x=  0.8  to  0.22)  with  good 
stmctural  properties,  and  transport  properties  similar  to  those  reported  for  films  grown  by 
liquid  phase  epitaxy.*'®  The  electrical  activity  of  arsenic  in  Hgi-xCdxTe  films  dope  wiA 
this  in-situ  direct  alloy  growth  process  is  between  60-100%,  as  determined  from  Hall  effect 
and  secondary  ion  mass  spectrometry  (SIMS)  measurements. 

These  achievements  with  in-situ  p-type  doping  of  HgCdTe  alloys  has  enabled  us 
to  advance  the  science  and  technology  of  HgCdTe-^teE  to  grow  complex  devices  such  as 
multilayer  heterojunction  two-color  detectors  and  novel  room  temperature  avalanche  photo¬ 
detectors.*’’  In  this  paper  we  present  some  of  the  highlights  of  MBE-technology  such  as 
the  performance  of  unispectral  longwave  infrared  (LWIR)  FPA  and  simultaneous  two-color 
detectors. 
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Epitaxial  growth  of  the  device  structures  by  MBE  was  perfomied  in  a  VG  Semicon 
V-80  system,  by  using  CdTe  and  elemental  Te  and  Hg  as  the  source  materials.  The  films 
were  grown  at  a  substrate  temperature  of  «185  onto  (211)B  oriented  Cdo,96Zno.(MTe 
substrates  at  growth  rates  that  ranged  from  1.8-2  flm/hr.  As  is  customary  in  the  growth 
of  narrow  gap  HgCdTe  alloys,  an  overpressure  of  Hg  was  employed  during  growth.  The 
excess  Hg  re-evaporates  from  the  surface,  and  the  amount  of  Hg  that  is  incorporated  in  the 
Hgi-xCdxTe  film  is  determined  by  the  magnitude  of  the  incident  tellurium  flux.  Hence  the 
alloy  composition  (the  Hg  to  Cd  ratio)  dictated  by  the  Te/Cd  flux  ratio,  is  determined  by 
the  temperatures  of  the  CdTe  and  Te  effusion  cells.  For  this  study  the  beam  equivalent 
pressures  of  Hg,  CdTe,  Te  were  3-4x10"*,  l.SxlO"*  and  2.5x10'^  mBar,  respectively.  The 
compositions  of  the  Hgi.xCdxTe  films  were  determined  from  infiared  transmission 
measurements  using  the  empirical  expression  provided  by  Hansen,  Schmit  and 
Casselman.® 

RESULTS  AND  DISCUSSION 

Alloy.  composiUon  control 

As  reported  previously,  we  have  achieved  a  precision  in  alloy  composition  control 
of  X  =  ±  0.003  for  a  target  con[qx>sition  of  x  -  0.225,  for  the  growth  of  n-type  Hgi- 
xCdxTe  layers.*  Typically,  the  flux  calibration  procedure  for  CdTe  and  Te  involves 
measuring  the  individual  fluxes  and  then  adjusting  the  cell  temperatures  to  get  the  desired 
flux  ratio  prior  to  the  growth  of  a  layer.  The  same  procedure  for  flux  c^bratiem  was 
applied  for  the  growth  of  a  series  of  n-p-n  detector  structures,  the  precision  in  the  x-value 
for  the  growth  of  these  two-color  detectors  is  ±  0.005.  Tliis  v^ue  is  higher  than  that 
previously  reported  for  the  growth  of  unisi^tral  detectors  whose  thickness  is  »9  pm.  We 
believe  that  changes  in  the  alloy  composition  are  due  to  minor  instabilities  in  the  effusion 
cell  fluxes,  and  are  more  pronounced  during  the  growth  of  devices  such  as  two-color 
detectors,  whose  thickness  can  be  >  20  pm.  In  the  near  future,  we  intend  to  employ  in- 
situ  spectroscopic  ellipsometry  and  (^cal-based  flux  monitoring  techniques  to  provide 
information  in  real-time  regarding  the  x-value  of  the  layer  and  the  magnitude  of  the 
constituent  flux  in  order  to  further  enhance  the  precision  in  alloy  composition  control. 


Unispectral  LWIR  detectors 

The  p-on-n  detector  structures  were  grown  by  depositing  *2  pm  thick  HgCdTc:As 
(cap)  layer  onto  6-8  piji  thick  HgCdTe:In  (base)  layers.  The  composition  of  the  base  layer 
is  such  that  it  is  appropriate  for  the  detection  of  the  radiation  of  interest.  The  alloy 
conq)osition  of  the  As-doped  p^type  layer  was  a  wider  band  gap.  The  x-ray  rocking  curve 
full  width  at  half  the  diffracted  intensity  maximum  (FWHM)  of  the  base  layer  is  typically  < 
40  arc-s.,  and  that  of  the  thinner  cq)  layo*  is  between  30-45  arc-s.  To  determine  die 
dislocation  density  in  the  base  layer,  the  cap  layer  was  first  removed  by  a  chemical  etch. 
For  LWIR  layers  ^wn  on  lattice  matched  substrates,  the  typical  etch  pit  density  is  5x10^ 
cm The  etch  pit  density  measured  in  the  base  layer  was  strongly  dependent  on  the 
growth  conditions,  specifically  the  substrate  temperature  and  the  Hg/Te  flux  ratio. 

The  MBE-grown  layers  were  fabricated  as  test  structures  and  480x4  elonrat 
scanning  FPAs  with  diodes  having  the  mesa  architecture.  The  77K  spectral  response 
characteristic  of  a  representative  diode  is  shown  in  Fig.  1 . 
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Fig.  1.  The  spectral  response  characteristic  of  a  LWIR  detector  whose  absorber  layer 
thickness  is  7  )Jin.  Excellent  quantum  efficiency  was  observed  for  these  detectors. 


The  detectors  exhibits  good  short  wave  response,  indicative  of  long  minority  carrier 
lifetime.  The  average  cutoff  wavelength  for  this  FPA  is  10.6  jim.  The  quantum  efficiency 
was  76%  for  these  detectors,  which  had  no  anti-reflection  coating,  the  480x4  element  FPA 
was  hybridized  to  a  read-out  and  tested.  The  normalized  detectivity  of  the  FPA  is  shown  in 
Fig.  2.  It  is  noteworthy  that  aU  pixel  elements  exhibit  D*  values  that  are  above  the  lower 
specification  limit,  shown  by  the  dotted  lines.  These  performance  characteristics 
demonstrate  that  high  performance  FPAs  can  be  fabricated  in  MBE-grown  material.  ‘ 
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Fig.  2.  D*  profile  for  a  480x4  element  MBE-grown  FPA.  There  are  no  defective 
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Two-color  detectors 

Two  color  detectors  provide  an  added  dimension  of  contrast  that  serves  as  a  visual 
aid  in  scene  interpretation.  In  addition  there  is  a  saving  in  weight,  volume  and  system 
complexity,  when  compared  to  two  individual  detectors  used  for  the  same  application.  A 
schematic  of  the  integrated  two-color  detector  with  the  n-p-n  architecture  is  shown  in  Fig. 
3. 


p-typ6  layer  MWIR-2  cortact 
contact  ?  ? 

Array  common  |  I 


MR  radiation 


Fig.  3.  Schematic  of  the  n-p-n  simultaneous  two-color  detector. 


The  simultaneous-detection  n-p-n  device  for  the  detection  of  two  closely  spaced  bands  in 
the  mid  wave  infrared  (MWIR)  spectrum  is  a  three  terminal  device  requiring  contacts  to  die 
top  and  bottom  absorbing  layers  as  well  as  the  middle  p-type  layer.  The  alloy  compositions 
of  the  n-type  layer  adjacent  to  the  substrate  (referred  to  as  the  MWIR-1  n-ty^  layer) 
determines  the  cut-off  for  the  detector  with  the  shorter  cutoff  wavelength  and  the 
composition  of  the  final  n-type  layer  (MWIR-2  n-type  layer)  that  is  deposited  on  the  p-type 
layer  determines  the  cutoff  of  the  longer  MWIR  band. 

Test  structures  were  fabricated  using  dry  etching  to  define  the  mesa  architecture. 
The  geometrical  area  of  the  MWIR*1  diode  was  5.63x10^  cm^ ,  while  that  of  the  MWIR-2 
diode  with  a  longer  cutoff  was  4.50x10'’  cm^  which  provides  fill  factor  of  >  80%  for  the 
MWIR-2  diode.  Fig.  4  shows  the  spectral  response  per  photon  for  the  integrated  two- 
color  detector  The  diode  with  a  shorter  cutoff  in  the  two  color  detector  exhibits  a  sharp 
cutoff  at  3.7  )im  and  exhibits  good  short  wave  response,  an  indication  of  long  minority 
carrier  lifetime.  Since  the  base  layer  of  the  MWIR-1  diode  acts  as  a  band  pass  filter,  the 
response  of  the  MWIR-2  diode  turns  on  as  that  of  MWIR-1  diode  turns  off.  For  this 
device,  the  cutoff  of  the  MWIR-2  detector  was  4.3  Jim. 
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Wavelength  (|im) 

Fig.  4.  The  spectral  response  per  photon  for  simultaneous  two-color  detectors.  The  cutoff 
of  MWIR-1  is  3.7  |im  and  that  for  MWIR-2  is  4.3  pm  at  77K. 
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Fig.  5.  The  RoA  distribution  for  both  bands  in  the  two-color  detector  for  33  diodes  in  the 
test  structure. 


The  quantum  efficiency  of  the  diodes  were  determined  by  employing  a  calibrated  black 
body  source.  The  quantum  efficiency  was  greater  than  70%  in  both  bands  for  these  devices 
that  did  not  have  any  anti-reflection  coating.  The  distribution  of  the  values  for  all  the 
diodes  in  the  test  structure  is  shown  in  Fig.  5.  Except  for  a  couple  of  diodes,  the  R^A 

values  are  quite  uniform.  The  average  R„A  for  MWIR-1  =  3.7  |im  at  77K)  was  (2.1  ± 
0.7)  xlO®  O-cm^  at  0-fov  at  77K.  The  corresponding  R^A  values  for  the  MWIR-2  diodes 

(X-co  =  4.3  pm)  was  (2.4  ±  0.5)  xlO®  i2-cm^.  The  results  presented  here  demonstrate  that 
sophisticated  devices  such  as  two-color  devices  can  be  grown  by  MBE. 
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CONCLUSION 

The  advantages  offered  by  MBE  for  the  growth  and  doping  of  HgCdTe 
heterostructures  were  applied  to  the  growth  of  unispechal  LWIR  FPAs  and  multispectral 
detectors  for  die  simultaneous  detection  of  two  closely  spaced  bands  in  the  MWIR 
spectrum.  The  performance  of  the  480x4  element  FPA  was  assessed  by  detectivity 
measurements.  It  is  noteworthy  that  this  FPA  had  no  defective  channels  bas^  on  the  D* 
values,  and  the  mean  was  a  factor  of  1.075  higher  than  the  specification  value. 
Muldspectral  devices  with  the  n-p-n  architecture  were  grown  and  processed  as  test 
structures  with  the  mesa  geometry.  The  detectors  exhibited  sharp  cutoff  in  both  bands,  and 
exhibited  quantum  efficiencies  exceeding  70%.  The  average  R„A  for  MWIR-1  (A,„  =  3.7 
}im  at  77K)  was  (2.1  ±  0.7)  xlO*  £)-cm^  at  0-fov  at  77K.  The  corresponding  R^A  values 
for  the  MWIR-2  diodes  (X«,  =  4.3  \xm)  was  (2.4  ±  0.5)  xlO^  Q-cm^ 
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ABSTRACT 

Atomic  hydrogen  is  shown  to  be  efficacious  for  cleaning  CdTe  and  HgCdTe  substrates 
for  subsequent  CdTe  growth  by  molecular  beam  epitaxy.  While  single  crystal  ZnTe  and  CdTe 
growth  was  obtained  on  Si  substrates  that  underwent  an  ex-situ  HF-based  etch,  only 
polycrystalline  CdTe  or  ZnTe  could  be  obtained  on  surfaces  cleaned  using  an  atomic  hydrogen 
source.  This  result  is  possibly  related  to  gas-phase  transport  of  Te  to  the  Si  surface. 

INTRODUCTION 

Atomic  hydrogen  has  been  demonstrated  to  be  effective  for  cleaning  many  types  of 
substrates  prior  to  epilayer  growth.  Low  temperature  oxide  removal  from  HgCdTe  is  of 
technological  importance.  CdTe  has  been  shown  to  be  an  effective  surface  passivation  layer  for 
HgCdTe.  Unless  the  CdTe  layer  is  grown  as  part  of  a  heterostructure,  however,  it  must  be 
deposited  after  the  HgCdTe  surface  has  undergone  exposure  to  air  and/or  chemical  etching  of  the 
surface.  This  allows  the  formation  of  an  oxide  layer,  and  possibly  an  amorphous  Te  layer,  which 
must  be  removed  prior  to  CdTe  growth.  Typical  thermal  oxide  removal  requires  temperatures 
above  180°C  in  vacuum.  Such  temperatures  can  degrade  the  surface  of  the  HgCdTe.  Luo  et 
al.[\]  have  demonstrated  that  atomic  hydrogen  can  be  used  for  low  temperature  oxide  removal 
and  cleaning  of  CdTe  while  preserving  surface  stoichiometry. 

Since  the  first  study  of  the  growth  of  CdTe  on  Si  by  molecular  beam  epitaxy  (MBE),[2] 
high  temperature  (>800  °C)  thermal  desorption  has  been  die  primary  technique  for  oxide 
removal. [3]  Recently,  techniques  have  been  developed  [4]  for  ex-situ  oxide  removal  from  Si 
using  etchants  based  on  HF.  These  procedures  result  in  a  hydrogen-terminated  surface  which  is 
remarkably  resistant  to  further  oxidation.  The  hydrogen  can  be  subsequently  desorbed  in  the 
MBE  system  at  temperatures  between  550  to  600  ®C  [5],  leaving  a  clean,  ordered  Si  surface  for 
subsequent  epilayer  growth.  This  technique  has  been  successfully  used  for  the  subsequent 
growth  of  ZnTe  and  CdTe  on  Si.[6,  7]  An  alternate,  low  temperature  approach  would  be  to  use 
atomic  hydrogen  to  remove  the  oxide,  as  has  been  demonstrated  for  GaAs/Si  heteroepitaxy.  [8] 

In  this  paper,  we  demonstrate  that  atomic  hydrogen  can  be  used  for  low  temperature  in- 
situ  cleaning  of  CdTe  and  HgCdTe.  In  addition,  we  present  the  results  of  an  investigation  of  the 
cleaning  of  Si  substrates  using  atomic  hydrogen. 

EXPERIMENT 

The  oxide-removal  experiments  and  epilayer  growths  were  performed  in  a  custom  MBE 
system  at  West  Virginia  University.  [9-11]  Substrate  preparation  is  discussed  in  the  individual 
sections.  Atomic  force  microscopy  (AFM)  measurements  were  made  in  air  using  a  Digital 
Instruments  Nanbscope  II.  A  commercial  atomic  hydrogen  source  (EPI-AHS-L)  was  used  to 
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generate  atomic  hydrogen  by  thermal  cracking  of  molecular  hydrogen  on  a  heated  tungsten 
filament.  The  filament  is  heated  using  a  current-regulated  power  supply,  which  we  typically 
operate  at  9.5  amps  to  produce  a  filament  temperature  of  about  2200  *C  resulting  in  a  5% 
cracking  efficiency  for  Ho.  The  hydrogen  flow  used  for  substrate  cleaning  typically  resulted  in  a 
system  pressure  of  2x10’^  Torr.  After  considering  the  ion  gauge  sensitivity  for  H2,  this 
represents  a  flux  of  about  8.6x  10^^  sec'^  cm'^  for  atomic  hydrogen  at  the  above  pressure. 
Assuming  a  unity  accommodation  coefficient,  the  time  for  a  monolayer  equivalent  impingement 
is~  1.5  sec. 

RESULTS  -  CdTe  AND  HgCdTe 

This  section  discusses  the  use  of  atomic  hydrogen  to  clean  CdTe  and  HgCdTe  surftces. 

A  prior  study  by  Luo  et  al  has  shown  that  atomic  hydrogen  is  very  effective  at  removing 
oxygen,  chlorine,  sulfur  and  carbon  fix)m  CdTe  surfaces  while  preserving  stoichiometry.[l]  We 
show  that  atomic  hydrogen  cleaning  also  results  in  smooth,  2-D  surfaces  for  subsequent  growth. 

II-VI,  Inc.  (Saxonburg,  PA)  provided  both  (100)  and  (21  l)B-oriented  substrates  for  this 
study.  AFM  investigation  of  the  as-received  substrates  indicated  an  atomically  smooth  sur&ce 
with  an  rms,  surface  roughness  of  less  than  0.5  nm.  However,  we  believe  that  this  surface  was 
actually  a  microscopically-thin  disordered  layer  resulting  from  residual  polishing  damage.  The 
surface  tended  to  "smear**  under  the  AFM  probe  tip,  resulting  in  movement  of  material.  By 
comparison,  this  effect  was  never  seen  on  epitaxial  CdTe  or  etched  CdTe  or  HgCdTe  surfaces. 
When  inserted  into  the  MBE  system  and  examined  by  reflection  high  energy  electron  diffraction 
(RHEED),  as-received  substrates  exhibited  only  diffuse  scattering,  even  for  mbstrates  that  were 
etched  in  HCl  prior  to  insertion  to  strip  surface  oxides.  This  is  consistent  with  previous  LEED 
studies  indicating  a  thin  disordered  surface  on  as-received  substrates.[l] 

CdTe  substrates  were  then  examined  after  undergoing  a  chemical  etching  procedure 
typical  of  that  used  for  MBE  growth.  The  substrates  were  degreased  sequentially  in 
trichloroethane,  acetone  and  methanol.  The  CdTe  was  then  etched  for  5  minutes  in  a  0.5% 
Br:methanol  solution,  followed  by  two  methanol  dips.  The  substrates  were  then  blown  dry  with 
high  purity  nitrogen  gas,  and  rinsed  in  deionized  H2O  for  5  minutes.  The  next  step  in  this 
procedure  was  a  30  ^^dip  in  1 :9  HChdeionized  water  followed  by  a  5-minute  rinse  in  deionized 
water,  and  immediate  blow-drying  with  N2.  AFM  examination  of  a  typical  (100)  CdTe  surfiKe 
from  substrates  provided  at  the  start  of  this  study  after  the  above  procedure  indicated  a  highly 
textured  surface  at  the  microscopic  level,  with  features  50  nm  in  height  and  an  rms.  roughness  of 
4  nm.  Similar  roughness  was  observed  for  (2 1 1  )B-oriented  substrates.  We  want  to  note  that  II- 
VI,  Inc.  has  been  actively  working  to  improve  their  polishing  process,  and  have  recently  achieved 
much  smoother  surfaces  after  this  etch  procedure  (rms.  roughness  -  0.6  nm)  indicating 
significantly  less  residual  damage.  RHEED  measurements  on  the  as-etched  substrates  gave 
irregular,  spotty  patterns  with  superimposed  rings  indicative  of  a  residual  Te  overlayer,  (xobably 
from  the  Br:methanol  etch.  The  substrate  had  to  be  heated  to  temperatures  above  200  *’C  to 
remove  the  Te  as  indicated  by  disappearance  of  the  diffraction  rings.  However,  the  surfoce 
remained  3-D  in  nature,  as  the  diffraction  pattern  exhibited  only  spots  indicative  of  the  textured 
surface.  This  pattern  became  two-dimensional  only  after  the  entire  typical  thermal  treatment, 
which  involved  heating  up  to  300  for  10  minutes. 

The  effect  of  atomic  hydrogen  cleaning  was  investigated  at  both  room  temperature  and  at 
elevated  temperatures.  At  room  temperature,  both  the  diffrise  scattering  and  the  rings  related  to 
oxides  and/or  a  Te-overlayer  disappear  after  about  a  20  minute  exposure  to  atomic  hydrogen.  A 
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bright,  three-dimensional  spot  pattern  is  obtained  after  a  total  exposure  of  about  30  minutes, 
similar  to  that  observed  for  the  200  ”C  thermal  pretreatment.  For  temperatures  above  about 
80  ®C,  however,  the  oxide/Te  overlayer  was  rapidly  removed  and  a  sharp  2-D  pattern  with  well- 
defined  steaks  was  observed.  AFM  examination  of  the  surface  of  substrates  cleaned  above  80  °C 
indicated  a  microscopically-flat,  featureless  surface  with  an  rms.  surface  roughness  of  less  than 
0.5  nm. 

Surface  oxides  on  CdTe  are  probably  Te02  or  CdTe03.  [12-14]  Removal  of  these 
oxides  may  proceed  by  reactions  of  the  form: 

CdTe03  +  6H  CdTe  +  3H2O  t  (1) 

Te02  +  4H  ^  Te  +  2H2O  t  (2) 

Reaction  (2)  has  the  potential  to  leave  behind  a  Te  overlayer,  and  RHEED  also  indicates  the 
presence  of  a  Te-overlayer  after  chemical  etching.  We  believe  that  the  following  mechanism  is 
also  important  for  atomic  hydrogen  cleaning  of  CdTe: 

Te  +  2H^TeH2t  (3) 

To  test  this  hypothesis,  we  deposited  a  polycrystalline  Te  layer  of  about  30  A  thickness  on  a 
silicon  substrate.  At  80  ®C,  this  layer  was  removed  by  atomic  hydrogen  irradiation  in  about 
300  s,  indicating  a  Te  etch  rate  of  0.1  A/sec.  Compared  to  the  previously  calculated  arrival  rate 
for  atomic  hydrogen,  this  corresponds  to  about  a  10%  efficiency  in  the  use  of  atomic  hydrogen, 
possibly  limited  by  a  kinetic  barrier  due  to  the  need  for  two  hydrogens  to  be  available  at  a  given 
Te  atom  for  removal. 

We  have  not  been  able  to  directly  measure  an  etch  rate  for  CdTe  (or  ZnTe)  due  to  atomic 
hydrogen  by  either  direct  exposure  of  thin  layers  deposited  on  silicon  substrates  or  by 
observation  of  RHEED  oscillations.  However,  etching  must  be  possible  as  indicated  by  the 
smoothing  of  textured  surfaces.  An  upper  bound  for  the  CdTe  etch  rate  can  be  inferred  from  the 
difference  in  the  CdTe  growth  rate  observed  when  grown  with  and  without  the  presence  of 
atomic  hydrogen.  CdTe  grown  under  an  atomic  hydrogen  flux  of  2  x  lO'^  Torr  exhibited  a 
consistent  decrease  in  growth  rate  of  about  0.1  A/s,  which  is  comparable  to  the  Te  removal  rate. 
The  fairly  rapid  smoothing  of  the  rough,  as-etched  CdTe  surfaces  may  indicate  that  atomic 
hydrogen  is  more  effective  at  etching  three-dimensional  structures  since  edge  sites  will  be  more 
reactive.  Temperatures  of  80  ®C  or  above  may  be  required  to  thermally-desorb  residual  Cd,  as 
there  are  no  stable,  volatile  hydrides  of  Cd.  Exposing  thin  ZnTe/Si  epilayers  to  atomic  hydrogen 
also  indicated  etch  rates  less  than  0.1  A/s. 

While  low-temperature  oxide  removal  resulting  in  a  sharp,  well-ordered  interface  is  of 
interest  for  CdTe,  it  is  crucial  for  CdTe-passivation  of  HgCdTe  for  infrared  detector  fabrication. 
II-VI,  Inc.  also  provided  liquid  phase  epitaxy  (LPE)  HgCdTe  samples  to  investigate  atomic 
hydrogen  cleaning  to  HgCdTe.  The  as-received  LPE  samples  had  been  chemo-mechanically 
polished  to  remove  surface  features  related  to  the  LPE  process.  Prior  to  insertion  into  the  MBE 
system,  the  LPE  layers  were  degreased  in  trichloroethylene,  acetone  and  methanol.  They  were 
then  etched  for  5  s  in  0.5  %  Br:methanol,  followed  by  a  methanol  rinse  and  then  immediately 
blown  dry. 

Results  obtained  for  HgCdTe  at  room  temperature  and  80  ®C  were  similar  to  that 
observed  for  CdTe.  As-prepared  HgCdTe  exhibited  a  diffuse  pattern  with  superimposed  rings 
indicative  of  an  oxide/amorphous  Te  overlayer.  Only  after  60  minutes  at  room  temperature  did 
distinct  RHEED  patterns  emerge,  indicating  removal  of  the  oxide  overlayer.  The  patterns 
remained  spotty,  indicative  of  a  rough  surface,  and  there  was  still  diffuse  scattering.  We  believe 
that  the  etching  process  which  can  lead  to  a  smooth  surface  is  inhibited  by  Hg  and  Cd  remaining 
on  the  surface.  Raising  the  sample  temperature  to  80  ®C  dramatically  increased  the  speed  of  the 
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process.  After  a  20  minute  exposure  to  atomic  hydrogen,  a  well-defmed  two-dimensional  pattern 
exhibiting  sharp  streaks  was  observed,  as  shown  in  Fig.  1 .  Continuing  exposure  to  atomic 
hydrogen  eventually  resulted  in  the  evolution  of  the  streak  patterns  into  spotty  3-D  patterns, 
indicative  of  surface  roughening. 

AFM  examination  of  a  HgCdTe  surface  both  cleaned  with  atomic  hydrogen  and 
exhibiting  a  RHEED  pattern  similar  to  that  shown  in  Fig.  1  indicated  a  microscopically-smooth 
surface  with  an  rms.  surface  roughness  less  than  0.5  nm,  with  a  suggestion  of  monolayer  steps. 
CdTe  grown  at  80  on  such  a  surface  at  a  rate  of  0.1  pm/hr  (using  a  single  effusion  cell) 
maintained  the  sharp,  streaky  RHEED  pattern.  The  resulting  epilayer  exhibited  the  same  atomic- 
level  smoothness  as  the  HgCdTe  surface  when  examined  by  AFM,  again  with  an  rms.  surface 
roughness  less  than  0.5  nm,  as  shown  in  Fig.  2. 


Figure  1.  RHEED  pattern  from 
HgCdTe  cleaned  at  80  ^C  for  20 
minutes  using  atomic  hydrogen. 


Figure  2.  AFM  micrograph  of  an  0.25 
pm  thick  layer  of  CdTe  grown  on  a 
HgCdTe  surface  cleaned  using  atomic 
hydrogen.  The  height  scale  is  10  nm 


RESULTS  -  Si 


Based  on  prior  work  by  Dhar  et  al [6]  and  Lyon  et  a/., [7]  we  decided  to  first  try  growths 
on  (21  l)-oriented  Si  substrates  cleaned  following  the  procedure  outlined  by  Fenner  et  al.  [4]  The 
as-prepared  Si  substrates  gave  a  RHEED  pattern  exhibiting  diffuse  scattering  and  rings. 
However,  these  features  distqipeared  upon  heating  the  substrate  above  200  **C,  leaving  only  the 
sharp,  streaky  RHEED  pattern  shown  in  Figure  3(a).  Note  the  presence  of  strong  Kikuchi  lines. 
The  disappearance  of  the  rings  may  correspond  to  a  desorption  of  residual  carbon  from  the  etch, 
as  report  in  a  prior  study.[l  5]  For  comparison,  we  also  investigated  the  use  of  atomic 
hydrogen  for  cleaning  the  Si  surface.  In  particular,  we  found  that  about  a  20  minute  exposure  of 
atomic  hydrogen  at  600  ®C  removed  the  oxide  layer  from  a  Si  substrate  etched  in  a  HF:H20 
solution.  We  also  exposed  a  Si  substrate  cleaned  using  the  Fenner  etch  to  atomic  hydrogen  for 
an  equivalent  amount  of  time.  Either  procedure  resulted  in  a  RHEED  pattern  similar  to  that 
obtained  by  the  Fenner  etch  alone,  as  shown  in  Figure  3(b).  The  only  discernible  difference  was 
that  the  samples  exposed  to  atomic  hydrogen  had  a  larger  amount  of  diffuse  scattering,  often 
indicative  of  a  sub-monolayer  thick  disordered  surface  layer.  Samples  were  heated  to 
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(a)  (b) 

Figure  3.  RHEED  patterns  along  the  (1 10)  azimuth  of  (21  l)-oriented  Silicon  cleaned  using  (a) 
the  Fenner  procedure  and  (b)  atomic  hydrogen 

temperatures  as  high  as  700  ®C,  well  above  the  desorption  temperature  for  hydrogen  on  Si, [5] 
without  any  observation  of  change  from  the  bulk-like  (1x1)  RHEED  patterns  shown  in  Figure  3 
indicating  an  absence  of  surface  reconstruction. 

We  obtained  only  polycrystalline  ZnTe  and  CdTe  on  a  Si  surface  prepared  by  either  of 
the  three  techniques  described.  It  is  well  known  that  bare  silicon  surfaces  are  highly  reactive 
with  the  Column  VI  elements  O,  S,  Se  and  Te,  reacting  with  similar  chemistries.  For  example, 
one  of  the  difficulties  encountered  with  the  growth  of  ZnSe  on  Si  [1 6]  was  the  formation  of  an 
amorphous  SiSe2  layer  at  the  interface,  analogous  to  Si02.  We  believe  that  the  polycrystalline 
growth  observed  was  due  to  the  formation  of  an  amorphous  SiTe2  layer  upon  exposure  to  flux 
containing  Te,  analogous  to  the  results  observed  with  Se.  Following  the  lead  of  Romano  [16]  et 
al.  and  Dhar  et  al  [6],  we  passivated  the  Si  surface  by  exposure  to  an  As  flux  during  heating  to 
about  550  ®C.  With  the  As  passivation,  we  were  able  to  obtain  single  crystal  growth  on 
substrates  cleaned  by  the  Fenner  process,  but  growth  on  substrates  exposed  to  atomic  hydrogen 
continued  to  result  in  polycrystalline  material.  Further  investigation  indicated  that  the  problem 
always  occurred  if  the  substrate  was  exposed  to  atomic  hydrogen  prior  to  As-passivation.  After 
As-passivation,  atomic  hydrogen  exposure  did  not  present  any  deleterious  effects. 

We  believe  this  effect  is  not  directly  related  to  exposure  to  atomic  hydrogen.  As 
discussed  earlier,  atomic  hydrogen  can  etch  Te  (and  presumably  CdTe  and  ZnTe)  at  low 
temperatures  with  H2Te  as  an  etch  bi-product.  We  had  a  significant  coating  of  Te-bearing 
compounds  in  the  growth  chamber  which  would  see  exposure  to  atomic  hydrogen,  resulting  in  a 
background  of  H2Te.  Any  H2Te  striking  the  heated  Si  surface  would  decompose,  allowing  Te  to 
react  with  the  surface.  Exposure  of  a  Si  substrate  cleaned  with  the  Fenner  process  directly  to  Te 
did  not  lead  to  structural  rearrangement  in  the  RHEED  pattern.  The  background  diffuse 
scattering  increased,  however,  consistent  with  the  observations  of  Fig.  3.  Thus,  we  believe  the 
atomic  hydrogen  in  the  system  is  transporting  Te  to  the  Si  surface,  resulting  in  a  disordered  SiTe^ 
overlayer.  Since  we  do  not  have  the  analytical  capabilities  on  our  growth  chamber  to  investigate 
surface  contamination,  we  could  not  directly  confirm  this  speculation.  However,  it  is  consistent 
with  the  above  results.  Thus,  our  study  may  indicate  that  atomic  hydrogen  cannot  be  used  for 
oxide  removal  from  Si  substrates  inside  a  II-VI MBE  chamber.  Cleaning  in  an  external 
preparation  chamber  may  still  be  feasible. 


CONCLUSIONS 


We  have  shown  that  atomic  hydrogen  can  be  used  to  clean  CdTe  and  HgCdTe  for 
subsequent  CdTe  growth,  removing  both  oxides  and  Te  overlayers  from  the  surface.  However  in 
the  case  of  silicon,  hydrogen  may  transport  Te  from  the  walls  of  the  chamber  onto  the  reactive 
substrate,  resulting  in  an  amorphous  layer  hindering  growth.  Therefore,  hydrogen  cleaning  can 
be  an  effective  in-situ  cleaning  method,  as  long  as  the  environmental  contamination  docs  not 
form  a  volatile  compound  with  the  hydrogen  which  is  subsequently  reactive  with  the  substrate. 
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ABSTRACT 

A  major  advantage  of  vapor  phase  epitaxial  growth  techniques  is  their  flexibility  to  produce 
Hgi-xCdxTe  layers  with  different  conpositions  from  one  run  to  the  next,  as  well  as  the  flexibility  to 
produce  coiEpositional  heterostructures  of  Hgi.xCdxTe  in  one  process  step.  To  take  full  advantage  of 
this  fle?dbility,  reliable,  automated  control  must  be  introduced.  To  this  end,  a  phase-modulated 
spectroscopic  ellipsometer  (SE)  has  been  inqjlemented  for  use  as  a  contactless  wafer  state  sensor. 
In  this  work  SE  was  used  to  monitor  in  real-time  the  stoichiometry  of  epitaxial  Hgi.xCdxTe  during 
growth  by  molecular  beam  epitaxy  (MBE).  SE  has  provided  valuable  information  about  the  MBE 
growth  process,  by  revealing  even  small  fluctuations  in  x  (±  0.002).  In  particular,  SE  has  measured 
the  con:q)Ositional  profiles  of  both  LWIR/MWIR  and  MWIR/LWIR  interfaces.  Distinct  profiles 
were  revealed  for  interfaces  created  by  abrupt  changes  in  the  CdTe  effusion  cell  set-point  and  for 
mterfaces  created  by  ran:q)ing  the  cell  temperature  linearly.  Ramping  results  in  a  smoothly  graded 
interface,  vy^ose  thickness  may  be  pre-determined,  though  typically  2000  A.  An  abrupt  set-point 
change  results  in  a  sharper  transition  (-300  A)  followed  by  oscillations  in  conq)osition  associated 
with  the  settling  time  of  the  cell  (-1500  A).  The  thickness  of  a  CdTe  passivation  layer  grown  on  a 
LWIR  layer  was  determined.  The  current  status  of  the  SE  will  be  reported  through  other 
illustrative  examples  which  demonstrate  its  utility  as  a  diagnostic  tool  and  as  a  sensor  for  real¬ 
time,  feed-back  control  of  the  MBE  process. 

INTRODUCTION 

The  narrow  bandgap  semiconductor  Hgi.xCdxTe  is  extensively  used  for  infrared  imaging 
applications  in  which  the  relevant  spectral  regions  are  those  with  high  transmittance  in  air.  The  primary 
two  bands  for  Hgi.xCdxTe  use  are  located  at  3-5  pm  (MWIR,  x  -  0.28)  and  8-12  pm  (LWIR,  x  - 
0.23).  While  liquid  phase  epitaxy  (LPE)  is  the  preferred  commercial  growth  technique,  vapor 
phase  techniques  such  as  molecular  beam  epitaxy  (MBE)  offer  certain  advantages;  namely,  the 
ability  to  grow  multiple  layers  in  a  single  process  and  the  flexibility  to  grow  different  structures  or 
conqjositions  from  run  to  run.  Exan:q)les  of  structures  that  cannot  be  easily  grown  by  LPE  include 
dual  color  detectors  based  on  three  or  more  layers  of  Hgi.xCdxTe.^  In  order  to  achieve  reliable 
control  over  crucial  MBE  process  parameters,  in  situ  spectroscopic  ellipsometry  (SE)  is  being 
developed  as  a  process  sensor  for  use  in  a  feed-back  control  system  SE  is  a  non-destructive, 
contactless  probe,  vvhich  can  measure  the  effective  dielectric  function  <8i  +  /82>  of  a  sample  on  a  time 
scale  commensurate  with  MBE  process  control  (~  Is).  Previous  studies  have  used  SE  as  an  optical 
sensor  in  the  context  of  materials  processing.  Aspnes,  et  al.^  demonstrated  the  first  system  to  control 
the  con^oshion  of  a  growing  ternary  semiconductor  (AlxGai.xAs)  using  SE  as  a  sensor.  Several  groups 
have  monitored  the  epitaxial  growth  of  II-VI  semiconductors  using  SE.^’  ^ 
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The  compositioii  of  Hgt.^Cd^Te  is  derived  from  the  metsured  SE  data  using  the  effective 
medium  approximation  (EMA)  of  Bniggeman,^*  *  approximates  the  dielectric  function  of  a 
mixture  of  materials,  given  the  dielectric  functions  and  volume  fractions  of  each  component.  Using 
this  analysis,  SE  will  continuously  monitor  epilayer  composition  and  any  detected  deviations  from  a 
previously  determined  set  point  will  be  a^usted  via  the  CdTe  K-c^  temperature.  This  pq>er 
demonstrates  the  feasibility  of  sudi  a  control  system  by  dononstrating  the  fiist  and  sensitive  response  of 
the  process  sensor  (SE)  to  the  process  control  parameter  (CdTe  K-cdl  theniiocoiq>le  tempoature). 

EXPERIMENT 

An  MBE  deposition  chamber  (DCA  Instruments),  is  fitted  with  a  ^ectroscopic 
ellipsometer,  which  was  developed  at  Texas  Instruments  by  Duncan  et.  al^^.  It  has  since  been 
licensed  to  Verity  Instnunents  Corporation  and  is  available  commercially.  The  eliysonieter 
incorporates  phase  modulation,  as  opposed  to  a  nmre  traditional  rotating  polarizer/analyzer 
system.  Figure  1  shows  schematically  the  details  of  the  experimental  setup.  Light  from  a  Xe  arc 
Uny  is  brought  to  a  linear  polarizer  via  a  fiber-optic  cable.  Phase  modulation  occurs  through  a 
fus^  silica  bar,  which  is  attached  to  a  piezoelectric  transducer  driven  at  ~  SO  kHz.  The  resuhant 
strain  in  the  silica  bar  causes  modulated  polarization  of  the  beam.  The  beam  then  enters  the 
chamber  through  a  $train-fi^,  quartz,  bakeable  window  (Borneo,  Inc.),  reflects  from  the  sample, 
and  exits  the  chamber,  again  though  a  strain-free  window.  The  reflected  light  is  polarization 
analyzed  before  entering  a  q)ectrometer,  where  it  is  detected  by  a  46-channel,  soHd-state  detector. 
The  ^ectral  range  is  from  4074.3  to  8435.7  A  (3.043  to  1.470  eV).  The  signals  are  digitized  at  1 
MHz  and  a  standard  fest  Fourier  transform  algorithm  converts  the  signal  from  the  time  domain  to 
the  frequency  domain. 

Liquid-nitrogen  cooled  cryopanels,  a  cryopunq)  and  a  nine-hudi  Hg  diffusion  pun^ 
maintain  a  vacuum  of  better  than  1x10'^  mb  in  the  growth  diamber.  The  MBE  growth  chamber 
has  a  custom-buih  Hg  source  and  four  Knudsen  cells  (CdTe,  Te,  In,  and  As).  Two  cells  (CdTe 
and  Te)  have  large  capacity  crucibles  ( 12S  cc)  and  two-zone  heating  systems.  Beam  fluxes  can  be 
measured  with  a  retractable  ion  gauge.  The  tenq)eratures  of  the  cells  and  the  substrate  are 
controlled  by  a  Siemens  Simatic  TI5S5  microprocessor.  The  substrate  temperature  is  monitored 
and  controlled  by  a  backside  thermocoiq)le  located  between  the  substrate  holder  and  the  heating 
element.  Because  this  thermocouple  does  not  contact  the  substrate  holder,  a  pyrometer  (IRCON) 
is  used  to  calibrate  the  tenq>erature. 
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Figure  1.  Diagram  of  current  SE,  featuring  relevant  conq>onents. 
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RESULTS 


Most  of  the  data  were  taken  using  the  original  2-inch  noianipulator  that  was  shown  to  have 
a  wobble  of  ±0. 16°.  The  manipulator  was  fitted  with  a  sensor  wWch  can  trigger  the  acquisition  of 
SE  data  once  per  revolution  of  the  manipulator  drive  motor.  The  use  of  this  system  is  referred  to 
as  "synchronous  data  acquisition",  >^duch  significantly  reduced  noise  introduced  by  manipulator 
wobble.  Subsequently,  the  system  was  retrofitted  with  a  3-inch,  "wobble-free"  manipulator,  vsdiich 
contained  three  piezoelectric  elements.  Appropriate  adjustment  of  these  elements  reduced  wobble 
to  less  than  0.05°.  The  piezoelectric  mechanism  can  accommodate  any  variable  non-parallelism 
between  substrate  wafers  which  would  have  the  same  effect  as  wobble.  Synchronous  data 
acquisition  was  also  used  for  the  3-inch  manipulator. 

These  in^rovements  (i.  e.  the  wobble-free  man^ulator  and  synchronous  data  acquisition)  have 
substantially  reduced  the  noise  associated  with  SE  data  acquired  vriiile  the  sarrqple  rotated.  For  MBE 
growth,  monitoring  and  control  of  the  composition  of  single  and  multiple  layers  of  Hgi.xCdxTe  is 
most  mq)ortant,  especially  at  the  interface  between  layers.  Figures  2a  and  2b  demonstrate  the  keen 
sensitivity  of  SE  to  the  near-surface  {<  0. 1  ^im)  composition  of  the  epilayer  during  the  formation 
of  MWIR/LWIR  (x  ~  0.28/x  -0.23)  interfaces.  In  both  Figure  2a  and  2b  the  interface  was  formed 
without  interruption  of  growth  by  lowering  the  CdTe  cell  temperature  by  7°  C.  However,  in 
Figure  2a  the  cooling  occurred  at  the  natural  cooling  rate  of  the  cell  {~  2  minutes),  vriiereas  in 
[  Figure  2b  the  cooling  occurred  in  a  more  controlled  fashion,  by  linearly  ramping  the  CdTe  cell 
temperature  over  a  5  minute  period.  Distinct  compositional  profiles  were  detected  by  SE  for  each 
of  these  processes.  In  Figure  2a  the  composition  undershot  its  final  equilibrium  value  by  ~  0.8  % 
and  showed  strong  oscillations  (~  1.8  %  peak  to  peak)  in  time  with  a  period  of-  100  sec.  These 
oscillations  were  unlikely  to  be  caused  by  optical  interference  effects,  because  of  the  graded 
nature  of  the  interface,  and  since  oscillations  due  to  multiple  reflections  are  expected  to  have  a 
period  of  -  9  minutes,  approximately  three  times  the  observed  period.  It  is  more  likely  that  the 
observed  transients  were  related  to  instabilities  in  the  CdTe  flux  during  this  abrupt  cooling.  The 
CdTe  cell  thermocouple  reading  exhibited  only  a  single  undershot  of  -  2  °C  and  stabilized  within 
4  minutes  of  the  change  of  set-point,  whereas,  the  composition  took  -  10  minutes  to  stabilize.  As 
the  CdTe  cell  cannot  be  cooled  faster  than  at  its  natural  rate,  the  conq)osition  transient  seen  in 
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Figure  2.  Con:5)osition  as  measured  by  SE  for  two  types  of  MWIR/LWIR  interfaces.  In  (a)  the 
CdTe  cell  was  allowed  to  cool  at  its  natural  rate,  in  (b)  the  cell  was  cooled  using  a  linear  ramp. 
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Figure  2a  can  only  be  avoided  if  growth  is  teiq>orarily  stopped  to  re’establisfa  the  new  CdTe 
temperature  (abrupt  junction)  or  the  CdTe  temperature  is  ramped  (graded  junction  over  2000  A). 
Figure  2b  illustrates  the  use  of  a  grading  over  -  2000  A  to  avoid  a  composition  transient.  By 
linearly  ranping  the  CdTe  cell  tenperature,  the  transioit  was  avoided.  The  SE  derived 
composition  was  able  to  track  the  CdTe  effusion  cell  temperature  ranp.  The  composition  showed 
no  undershooting  nor  oscillation  and  the  CdTe  cell  thermocouple  reading  showed  under^ooting 
of  less  than  1  °C. 

In  Figure  3  is  illustrated  a  triple-layer  structure  comprising  MWIR  layers  grown  on  either 
side  of  an  LWIR  film.  The  internees  between  the  MWIR  and  LWIR  layers  need  to  be 
compositionally  graded  to  avoid  the  transient  shown  in  Figure  2a  but  also  to  minimize  misfit 
dislocations  (fi’om  lattice  mismatch).  MBE  has  the  capability  to  grow  these  types  of  structures, 
and  SE  has  the  potential  to  improve  yields  of  device  quality  material  Combinations  of  MWIR  and 
LWIR  layers  were  grown  to  optimize  parameters  associated  with  the  growth  of  the  trple-layer 
structure  shown  in  Figure  3. 

In  addition  to  measuring  the  conposttion  of  optically  thick  Hg|.xCd,Te  layers,  SE 
measured  the  thickness  of  a  thin  (lSOO-2000  A)  CdTe  layer  used  to  terminate  MBE  growth  and 
to  provide  a  passivation  layer  for  the  Hgt.^Cd^Te  active  layer.  CdTe  is  a  commonly  used  passivant 
for  Hgi.x  CdxTe,  and  films  can  grown  by  sinply  shutting  off  the  Te  flux.  The  Hg  flux  remains  on 
to  prevent  Hg  loss  fi-om  the  Hgi.xCdxTe  layer,  and  the  film  is  Ukety  to  have  a  composition  close  to 
Hgo.9Cdo  iTe.  Figure  4  shows  the  SE  raw  data  in  terms  of  T'  and  A  values  for  CdTe  as  it  dq)osits 
onto  Hgi.xCdxTe,  also  grown  in  the  same  growth  run.  Using  a  2-layer  model  and  the  optical 
values  for  CdTe,  its  thickness  can  be  obtained  as  a  fimetion  of  time.  There  is  likely  to  be  a  small 
error  in  thickness  (<5%)  as  room  tenperature  dielectric  fimetions  for  CdTe  were  used  since  no 
calibration  standards  were  available  at  that  time.  The  thickness  increased  linearly  with  time  until 
the  CdTe  shutter  was  closed,  at  uliich  point  it  maintained  a  constant  value.  This  behavior 
indicates  that  SE  can  be  used  to  control  precisely  the  desired  thickness  of  the  dq)osited  CdTe. 

Finally,  the  utility  of  SE  as  a  diagnostic  tool  for  the  MBE  process  is  demonstrated.  In  this 
example  the  Hg  flux  was  disturbed  by  the  condensation  of  Hg  on  a  cryopanel  vane  just  above  the 
orifice  of  the  Hg  source.  Over  the  course  of  several  runs,  Hg  continuously  fi'oze  and  eventually 
formed  a  protrusion  which  partially  blocked  the  mouth  of  the  Hg  sotirce,  at  which  point  Hg  flux, 
as  recorded  by  an  ion  gauge,  became  erratic.  During  the  growth  of  a  single  MWIR  layer  the 


Figure  3.  Composition  (•)  and  CdTe  cell  thermocouple  reading  (white  line)  of  the 
graded  interface  regions  of  an  MWIR/LWIR/MWIR  triple  layer  structure 
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Figure  4.  Deposition  of  a  CdTe  cap  layer  (1500  A)  on  Hgi.^CdxTe,  both  grown  in  the  same  run. 

formation  of  such  a  Hg  protrusion  occurred.  SE  data  was  taken  with  substrate  rotation  near  the 
beginning  and  near  the  end  of  the  growth  run.  The  resulting  compositions  are  plotted  against  the 
time  of  growth  in  Figure  5.  The  beginning  of  growth  proceeds  as  expected,  with  strong 
oscillations  in  composition  for  the  first  ~  12  minutes  associated  with  multilayer  optical  effects, 
followed  by  a  slow  drift  in  composition.  By  the  end  of  the  growth,  the  solid  Hg  protrusion  had 
overgrown  the  mouth  of  the  Hg  source,  and  large  fluctuations  in  composition  (Ax  -0.01)  were 
measured.  The  shape  and  frequency  of  these  compositional  fluctuations  corresponded  closely  to 
fluctuations  in  the  ambient  pressure  of  the  growth  chamber.  The  ion  gauge  reading  is  indicated  by 
the  solid  black  line  of  Figure  5.  The  ^ikes  in  the  ion  gauge  reading  coincided  with  peaks  in  the 
scattered  Hg  flux.  This  explains  the  increase  in  x  associated  with  each  spike  in  the  ion  gauge 
reading.  The  condensed  Hg  can  be  removed  by  a  partial  warm-up  of  the  cryopanels.  This  example 
demonstrates  the  excellent  sensitivity  and  fast  time  response  of  the  SE  process  sensor. 

Other  minor  control  problems  have  been  identified  by  SE.  SE  revealed  small  fluctuations 
in  CdTe  flux  due  to  poorly  tuned  tenq)erature  control  parameters.  Re-tuning  of  these  parameters 
eliminated  these  fluctuations.  Also  SE  highlighted  a  problem  with  the  use  of  hot-lip  efiiision  cells 
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Figure  5.  Fluctuations  in  Hg  flux,  as  indicated  by  the  ion  gauge  reading, 
and  corresponding  fluctuations  in  composition  as  measured  by  in  situ  SE. 
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for  Te.  A  temperature  gradient,  imposed  along  the  length  of  the  cell  to  prevent  condensation  in 
the  mouth  of  the  crucible,  caused  the  Te  flux  to  decrease  during  a  typical  growth  run.  SE  detected 
a  gradual  composition  gradient.  This  problem  was  subsequently  avoided  with  the  use  of  a  two- 
zone  efiusion  cell.  These  anomalies  in  process  control  would  be  difficuh  to  observe  if  relying  on 
ex  situ  techniques. 

CONCLUSIONS 

Spectral  ellipsometry  has  enabled  the  in  situ  measurement  of  coiiq>osition  during  the  MBE 
growth  of  Hgi.xCdxTe  single-  and  muhi-layers.  Through  the  incorporation  of  a  'Svobble-fi^”  3- 
inch  man^ulator  and  through  the  use  of  synchronous  data  acquisition,  SE  data  with  excellait 
precision  (Ax  ~  0.001)  are  routinely  takoi  during  growth  without  the  need  to  stop  wafer  rotation. 
SE  has  aided  in  the  control  of  composition  profiles  at  the  interfiices  of  multilayer  structures  by 
detecting  subtle  transients  associated  with  the  stabilization  of  the  CdTe  flux.  SE  has  measured  the 
thickness  of  optically  thin  films.  Additionally,  the  inq)roved  sensitivity  of  SE  has  led  to  the 
identification  of  minor  control  problenos  that  may  have  gone  unnoticed.  Incorporation  of  SE  as  a 
sensor  in  a  con:q)Ositional  control  system  can  now  being  addressed. 
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ABSTRACT 

High  density  plasma  etching  of  Hgi.xCdxTe  in  a  CH4/H2/Ar  chemistry  is  examined  using  mass 
spectroscopy  with  careful  surface  temperature  monitoring.  The  dominant  etch  products  are 
monitored  as  a  function  of  surface  temperature  (1 5-200° C),  ion  energy  (20-200  eV),  total 
pressure  (0.5-5  mTorr),  microwave  power  (200-400  W),  and  flow  fraction  of  methane  in  the  etch 
gas  mixture  (0-30%).  In  addition,  observations  are  made  regarding  the  regions  of  parameter  spaee 
whieh  are  best  suited  to  anisotropic,  low  damage  eteh  processing.  These  observations  are 
compared  with  previous  results  in  the  form  of  scanning  electron  micrographs  of  etched  features 
for  anisotropy  evaluation  and  Hall  effect  measurements  for  residual  damage.  Insights  to  the 
overall  etch  mechanism  are  given. 

INTRODUCTION 

Dry  etch  processing  of  narrow  band  gap  semiconduetor  materials  is  critically  important  to 
the  improved  producibility  of  current  infrared  devices  and  the  creation  of  a  new  and  promising 
generation  of  devices  based  on  quantum  eonfinement.  In  order  to  generate  these  devices,  it  is 
imperative  to  have  a  more  quantitative  understanding  of  the  etch  process,  so  that  the  required 
goals;  high  anisotropy  and  low  damage,  may  be  realized.  Recently,  there  have  been  several 
studies  on  high  density  plasma  etching  of  the  Hgi.xCdxTe  semiconductor  [1-7].  High  density 
plasmas  are  well  suited  to  low  damage  processing  as  a  result  of  the  decoupling  of  plasma  density 
and  ion  energy  and,  therefore,  can  provide  high  fluxes  of  low  energy  ions  (as  low  as  20  eV)  to  the 
semiconductor  surface.  A  further  benefit  of  high  density  plasmas  is  an  inherently  low  operating 
pressure  (~1  mTorr)  which  promotes  highly  directional  ion  energies  to  the  surface  and, 
consequentially,  directional  pattern  transfer  into  the  semiconductor. 

Of  the  studies  on  high  density  plasma  etching  of  Hgi.xCdxTe,  few  researchers  have 
examined  the  process  in  sufficient  detail  in  order  to  develop  a  clear  understanding  of  the  surface 
processes.  Studies  of  CH4/H2/Ar  etching  have  identified  the  dominant  etch  products  and  shown 
that  polymer  formation  is  a  significant  etch  rate  limiting  step[7].  However,  a  thorough 
investigation  into  the  effects  of  variations  in  plasma  conditions  on  the  formation  of  etch  products 
remains  to  be  performed.  In  this  work  we  examine  the  effect  of  variations  in  ion  and  neutral 
fluxes  (both  chemical  make-up  and  total  flux),  ion  energy  and  surface  temperature  on  the 
formation  of  etch  products.  These  experiments  are  performed  in  an  effort  to  gain  better  insight 
on  process  conditions  that  promote  anisotropic,  low  damage  etching  in  Hgi.xCdxTe. 
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EXPERIMENTAL 


Surface  chemistry  experiments 
were  performed  using  a  thick  (~16  pm) 
Hg,.*Cd,Te  ternary  (x  =  0.236)  film 
grown  by  liquid  phase  epitaxy  at  II- VI 
Semiconductors,  Inc.  (Saxonsburgh, 
PA).  Samples  used  in  the  evaluation  of 
etch  anisotropy  and  damage  were  thin 
layers  (<lpm)  of  Hgi.^Cd^Te  ternary 
(x~0.2)  grown  by  liquid  phase  epitaxy. 

All  plasma  processing 
experiments  were  carried  out  in  an 
electron  cyclotron  resonance  microwave 
plasma  source  configured  for  reactive 
ion  etching  and  described  in  detail 
elsewhere[3].  Standard  etching  conditions  were:  mixtures  of  20/55/25  (percent  by 

flow),  15  seem  total  flow,  1.0  mTorr  total  pressure,  300  W  coupled  microwave  power,  -50  V  rf- 
induced  dc  bias  of  the  substrate,  a  substrate/ECR  condition  separation  of  48-52  cm  and  substrate 
temperatures  of  ~16'C.  For  surface  chemistry  experiments,  the  traditional  etching  stage  was 
replaced  with  an  Extranuclear  ELQ400  quadrupole  mass  spectrometer  with  a  custom  designed 
front  cap/sampling  aperture  which  is  shown  in  Figure  1.  The  front  cap  emulates  a  traditional 
etching  stage  with  full  temperature  control  (both  heating  and  cooling  capabilities).  Process 
conditions  were  varied  for  surface  chemistry  studies  as  follows:  total  pressure  =  0.5-5  mTorr, 
coupled  microwave  power  =  200-400  W,  and  rf-induced  dc  bias  =  0-200  V,  methane  fraction  in 
the  mix  (0-30%),  and  surface  temperature  (15-200*C). 

Since  surface  chemistry  is  generally  an  exponential  function  of  temperature,  accurate 
measurement  of  this  parameter  is  important  to  assigning  thermal  and  ion-assisted  chemical  etch 
processes  occurring  at  the  surface.  As  anisotropic  pattern  transfer  is  desired,  ion-assisted 
chemistry  is  preferred  with  minimal  variation  in  thermal  chemistry.  In  this  work,  diffuse 
reflectance  spectroscopy  of  a  GaAs  substrate  [8]  is  used  to  calibrate  the  thermocouple  embedded 
in  the  stainless  steel  front  plate  of  the  front  cap/sampling  aperture  so  that  the  temperature 
indicated  is  that  of  the  substrate  itself.  This  is  accomplished  by  measuring  the  shift  in  the 
position  of  the  absorption  edge  with  temperature.  This  shift  corresponds  to  the  change  in  the 
band  gap  which  is  a  well-defined  function  of  temperature[9].  The  technique  gives  6A/®C 
resolution  and  is  described  in  greater  detail  elsewhere[8].  Calculations  (Fourier’s  Law  with  tight 
mechanical  coupling  at  the  interfaces)  of  the  temperature  drop  from  the  front  surface  of  the 
semiconductor  to  the  location  of  the  thermocouple  predict  a  fraction  of  a  degree  difference.  The 
diffuse  reflectance  spectroscopic  technique  supports  this  calculation. 

The  samples  used  for  anisotropy  and  damage  assessment  are  described  elsewhere  [3,5]. 
Anisotropy  is  evaluated  on  liquid  phase  epitaxially  grown  Hg^Cdi.^Te  (x'-0.2)  thin  films  on  CdTe 
substrates  patterned  with  AZ  photoresist  and  examined  by  cross  sectional  scanning  electron 
microscopy.  Changes  in  carrier  properties  of  Hgo83Cdo  pTe  alloy  layers  resulting  finom  etch 
processing  are  evaluated  by  Hall  effect  measurements  of  a  Van  der  Pauw  sample  in  which  the 
active  area  had  been  patterned. 


Figure  1.  Schematic  diagram  of  masi  spectrometer  front 
cap/sampling  aperture. 
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RESULTS 


The  typical  mass  spectrum 
for  etch  products  in  the 

CH4/H2/Ar:HgCdTe  system  is 
shown  in  Figure  2.  The  dominant, 
unambiguous  peaks  for  each 
constituent  element  are  Hg, 

Te(CH3)2,  TeH2  and  CdCCHs). 

When  compared  to  other  spectra 
available  in  the  literature,  namely 
Keller  et  al.  in  ref.  7,  the  TeH2 
peaks  are  more  dominant  and  the 
Cd(CH3)2  and  Te(CH3)2  peaks  are 
much  smaller.  In  the  Keller  et  al. 
experiment  there  were  two 

significant  differences  from  this  work:  1)  direct  line  of  sight  sampling  of  the  surface  by  mass 
spectroscopy  at  a  fixed  distance  away;  and  2)  downstream  injection  of  methane  which  results  in 
reduced  polymer  formation  at  the  surface[7].  In  this  work,  mass  spectroscopic  sampling  is 
through  the  semiconductor  surface  and,  we  believe,  less  subject  to  post  desorption  plasma 
chemistry  and  more  indicative  of  surface  chemistry.  As  such,  the  dominant  desorbed  etch 
products  are  TeHi,  Hg  and  perhaps  Cd(CH3).  In  addition,  methane  is  introduced  into  the  plasma 
reactor  in  these  experiments  and  not  downstream  as  in  the  Keller  et  al.  work. 

The  coupled  microwave  power  controls  two  factors  in  determining  the  plasma  flux  to  the 
surface,  dissociation  fraction  and  ionization  fraction.  Of  these,  mass  spectral  flux 
characterization  [10]  shows  that  ionization  fraction  is  most  affected  over  the  200-400 W  range. 
Over  this  range,  and  Ar"^  dominate  the  spectrum  for  300-400  W  and  CH3  and  Ar  dominate 
for  200-3 OOW.  Atomic  and  molecular  hydrogen  were  not  monitored  in  these  studies.  As 
microwave  power  increases  the  most  dominant  etch  product  change  is  2in  increase  in  Hg. 
Tellurium  hydride  shows  a  slight  rise,  presumably  due  to  increased  atomic  hydrogen  flux  to  the 
surface.  However,  Cd(CH3)  and  Te(CH3)2  show  a  slight  decrease.  When  combined  with  flux 
characterization  results,  these  observations  imply  that  neutral  methyl  radicals  are  preferred  over 
ionized  methyl  radicals  for  Cd  and  Te  removal.  Further,  microwave  powers  <  300  W  are 
sufficient  to  maximize  etch  product  production.  When  compared  to  the  work  of  Keller  et  al., 
these  results  are  consistent  in  that  high  neutral  radical  fluxes  promote  Te(CH3)x  and  Cd(CH3)x 
formation. 

As  total  process  pressure  is  increased,  the  Hg  signal  was  observed  to  monotonically 
increase.  Since  Hg  predominantly  evolves  from  the  surface  in  its  elemental  form,  it  is  presumed 
that  ion  fluxes  would  enhance  its  removal  through  sputtering.  However,  flux  characterizations 
show  a  marked  decrease  in  the  fraction  of  the  beam  that  is  ionized  for  pressures  >  2  mTorr. 
Thus,  Hg  must  evolve  from  the  surface  for  thermodynamical  reasons  once  the  Cd  and  Te  are 
removed.  The  Te  and  Cd  etch  products  saturate  for  P>  2mTorr.  Flux  characterizations  show 
that  for  P>  2  mTorr,  the  fraction  of  dissociated  CH4  in  the  flux  is  severely  reduced  due  to  gas 
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Figure  2.  Typical  mass  spectrum  for  etch  products  in  high 
density  plasma  etching  of  HgCdTe  with  CH4/H2/Ar. 


277 


phase  recombination.  These  results 
imply  that  a  sufficient  flux  of  CH,  is 
required  to  promote  surface  etching 
and,  thus,  pressures  ^  2mTorr  arc 
more  desirable. 

As  fraction  of  methane  added 
to  the  mix  is  increased,  the  Cd(CH3) 
and  Te(CH3)2  peaks  increase 
monotonically  as  expected  (see 
Figure  3).  The  TeH2  peaks  start  to 
saturate  for  >10%  CH*  addition, 
implying  increased  Te  removal  as 
methyl  rather  than  hydride 
molecules.  However,  Hg  decreases 
monotonically.  Over  the  10-25% 
Figure  3.  Variation  of  etch  product  formation  with  methane  ^  previous  works[3]  have 
fraction  in  gas  input  mil.  Other  conditions  are  standard  \ 

dwribed  in  the  teit  sh*”™  *at  the  etch  rate 

monotonically  increases.  Therefore, 

the  decrease  in  Hg  evolution  from  the  surface  should  be  offset  by  an  increase  in  mercury  removal 
as  Hg(CH3)x,  x=l,2.  Unfortunately,  we  were  unable  to  measure  these  peaks  (located  at  m/z=215 
to  234  amu).  In  general,  these  observations  imply  that  lower  methane  fractions  (10-20%)  are 
well  suited  for  moderate  Cd,  Hg  and  Te  removal. 

As  most  applications  desire  anisotropic  pattern  transfer,  ion-assisted  etch  chemistry  is 
preferred.  Figure  4  shows  behavior  of  etch  products  as  a  function  of  incident  ion  energy.  For  ^ 
75-100  V  there  is  an  increase  in  etch  rate  with  ion  energy  consistent  with  ion-assisted  chemistry. 
For  >  100  V,  the  methyl  and  hydride  etch  product  peaks  saturate  or  even  decrease  in  intensity. 
Thus,  ion  energies  less  than  75-100  V  are  preferred.  The  higher  end  of  this  range  is  associated 
with  higher  anisotropy  in  the  perpendicular  and  transverse  ion  energies  which  will  result  in  more 

anisotropic  etching.  However,  the 
higher  end  of  this  range  also  brings 
concern  for  damage  in  the 
semiconductor. 

Finally,  the  effect  of  surface 
temperature  (thermal  surface 
chemistry)  on  product  formation  is 
examined.  The  elemental  Hg  peak 
is  observed  to  increase 
monotonically,  consistent  with  the 
thermodynamic  removal 

mechanism  discussed  above.  Metal 

0  50  100  150  200  alkyl  and  metal  hy^de  products 

,  .  are  relatively  independent  of 
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Figure  4.  Variation  in  product  peak  formation  as  a  function  of 
incident  ion  energy.  Substrate  temperature  •  50‘C,  all  other 
conditions  standard  as  described  in  the  text. 


then  show  a  slight  increase  between 
50  and  100  *C  before  saturating  at 
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higher  levels.  Thus,  thermal  enhancements  are  not  seen  until  50°C  and  keeping  the  substrate 
temperature  below  this  level  should  promote  ion-assisted  surface  chemistry  over  thermal 
chemistry  and,  therefore,  etch  anisotropy. 

In  a  previous  work  [3],  we  have  shown  that  low  pressures  (<1.0  mTorr)  and  moderate 
methane  fractions  (18%)  were  optimal  for  anisotropic  pattern  transfer.  These  conditions  are 
consistent  with  high  fluxes  of  neutral  methyl  radicals  to  the  surface,  shown  to  be  important  in  the 
discussion  above.  These  anisotropy  results  were  obtained  at  substrate  biases  of  lOOV,  shown 
here  to  be  at  the  upper  end  of  the  ion-assisted  chemistry  range.  Damage  assessment  results  (of 
the  surface  on  which  ions  are  impinging,  not  the  sidewall)  [5]  under  these  same  conditions  show  a 
decrease  in  electron  density  (3.4xl0’^  to  l.lxlO’^  cm’^)  and  mobility  (3x10^  to  2.2x10^  cmW*s), 
measured  at  4.2K.  Thus,  a  bias  of  100  V  is  shown  to  significantly  damage  the  substrate  and 
slightly  lower  biases  (in  the  50-75  V  range)  are  likely  to  be  more  suitable  to  low  damage  etching. 

CONCLUSIONS 

Physical  and  chemical  processes  occurring  at  the  surface  during  high  density  plasma 
etching  of  HgCdTe  have  been  examined  through  mass  spectroscopy  of  evolving  etch  products 
while  carefully  monitoring  the  substrate  temperature.  Elemental  Hg,  TeHa,  Te(CH3)2  and 
Cd(CH3)  are  identified  as  the  primary  etch  product  species  that  evolve  from  the  surface  during 
etching.  Mercury  appears  to  evolve  from  the  surface  for  purely  thermodynamical  reasons. 
Tellurium  and  cadmium  appear  to  be  removed  via  chemical  reaction  with  either  methyl  radicals 
(preferably  neutral)  and  atomic  hydrogen.  In  general,  high  degrees  of  anisotropy  in  the  etch 
process  are  obtained  by  controlling  the  ion-assisted  surface  chemistry  relative  to  the  thermal 
chemistry  at  the  surface.  Here,  they  are  obtained  by  controlling  the  formation  of  the  metal 
hydrides  and  metal  alkyls.  Etch  conditions  suitable  to  anisotropic  pattern  transfer  with  low 
damage  to  the  substrate  are  determined  to  be:  low  microwave  powers  (<300  W),  low  total 
pressures  (<2.0  mTorr),  methane  flow  fractions  of  10-20%,  substrate  biases  of  50-75  V,  and 
substrate  temperatures  of  <50°C.  Under  these  conditions  there  appears  to  be  sufficient  neutral 
methyl  and  atomic  hydrogen  fluxes,  ion  fluxes  and  ion  energy  to  promote  ion-assisted  surface 
chemistry,  while  minimizing  damage  to  the  remaining  semiconductor. 
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ABSTRACT 

We  present  preliminary  results  on  HgCdTe(211)B  layers  grown  on 
CdTe(211)B/ZnTe(211)B/Si  substrates  by  molecular  beam  epitaxy.  As-grown  layers  show 
excellent  n-type  characteristics  as  measured  by  Hall  effect.  Hall  nubilities  higher  than  IxlO’  cmVv- 
s  have  been  measured  at  40K  for  Cd  composition  ~24%  with  doping  level  ~  3xl0’^  cra^. 
Obt^ned  RHEED  patterns  during  the  growth  shows  very  smooth  surface  morphology. 

mTRODUCTION 

The  Microphysics  Laboratory  (MPL)  at  the  University  of  Illinois  at  Chicago  (UIC)  is 
recognized  as  a  pioneer  in  the  MBE  growth  of  HgCdTe  for  infrared  focal  plane  array  (IRFPA) 
manufacturing  technology.  HgCdTe  was  grown  for  the  first  time  by  MBE  in  1981  on  CdTe 
substrates[l].  Since  then,  MBE-HgCdTe  material  has  been  extensively  studied  and  has  reached  its 
maturity  to  produce  device  quality  material  for  IRFPA  technology[2,3].  As  the  development  of 
HgCdTe  infrared  technology  has  progressed,  so  has  the  search  for  substrates  for  epitaxial  MBE- 
HgCdTe.  Near  lattice  matched  CdZnTe  substrates  were  attractive  among  researches  in  MBE- 
HgCdTe  over  the  last  decade.  However,  CdZnTe  substrates  have  several  severe  drawbacks  such 
as;  lack  of  large  areas,  expensive  and  out  diffusion  of  impurities  during  the  MBE  growth  etc.  Due 
to  this  severe  drawbacks  and  interest  in  large  area  based  ERFPA’s,  CdZnTe  bulk  substrates  appear 
to  be  unrealistic  for  the  near  future. 

The  use  of  Si  substrates  is  very  attractive  in  IRFPA  technology  not  only  because  it  is  less 
expensive  and  available  in  large  area  wafers  but  also  because  in  a  FPA  structure,  the  coupling  of 
the  Si  substrates  with  Si  read  out  circuitry  devices  and  this  wall  allow  the  fabrication  of  very  large 
arrays  exhibiting  long-term  thermal  cycle  reliability.  Despite  the  large  lattice  mismatched  (-19%) 
between  CdTe  and  Si,  MBE  has  been  successfully  used  for  the  heteroepitaxial  growth  of  CdTe  on 
Si[4,5].  Previously,  we  have  published  results  on  HgCdTe  layers  grown  on  CdTe(ll  1)B/Si(100). 
In  this  paper,  we  will  present  recent  results  of  CdTe(211)B/ZnTe(211)/Si(211)  and 
HgCdTe(21  l)B/CdTe(21  l)/ZnTe(21 1)/Si(21 1)  layers  grown  at  MPL. 

EXPERIMENT 

The  CdTe  growth  was  carried  out  in  a  Riber  OPUS  45  prototype  manufacturing  system, 
capable  of  growing  up  to  a  5-inch-diameter  wafer.  For  this  work,  we  used  3  inch  diameter 
Si(211)B.  These  substrates  were  cleaned  using  a  modified  RCA  cleaning  method  described 
elsewhere[6,7].  The  substrates  were  first  degreased,  etched  in  dilute  HF  (-2%)  then  rinsed  by 
deionized  water.  Finally,  a  heated  solution  of  H20:HC1:H202  (5:1:1)  used  and  this  forms  a  thin 
protective  oxide  layer.  Then,  the  wafers  are  blown  dry  with  N2  then  loaded  into  vacuum. 

The  wafers  are  outgassed  at  around  400“C  in  a  separate  preparation  chamber,  while  at  the 
same  time  the  growth  chamber  and  source  material  cells  are  outgassed.  The  protective  oxide  is 
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thermally  removed  in  the  growth  chamber  at  around  SSO^’C.  The  wafer  is  finally  cooled  to  the 
appropriate  deposition  temperature.  During  the  cooling  process  an  As-fiux  is  introduced  to 
modify  the  surfiu^.  A  few  monolayers  of  SiTej  are  creat^  by  exposing  the  surftce  to  Te  flux 
during  cooling  from  450-3 S0**C.  Following  this  predeposition,  a  thin  ZnTe  layer  is  grown  at 
220®C  followed  by  10  minute  annealing  under  CdTe  and  Te  flux  at  380*C.  Finally  CdTe  layer  is 
grown  at  temperature  of  300®C.  Grown  CdTe/Si  wafers  are  then  cut,  characterized  and  cleaned 
for  the  HgCdTe  growth. 

These  wafers  are  then  transferred  to  Riber  2300  growth  chamber  for  the  growth  of 
HgCdTe.  The  details  of  the  growth  procedure  have  been  previously  reported.  After  the  growth  of 
HgCdTe,  a  CdTe  cap  layer  of  0.2pm  is  deposited.  Figure  (1)  shows  the  heteroephaxial  structure 
grown  on  Si(211)B  substrates.  Cd  composition  and  layer  thickness  were  determined  at  room 
temperature  by  infnued  transmission  measurements.  The  absorption  edge  was  taken  to  be  500  cm' 
^  Tlie  transport  characteristics  (carrier  concentration  and  mobility)  of  the  layers  were  measured 
by  the  van  der  Pauw  technique  for  temperatures  ranging  fi^om  300K  to  30K  and  with  a  magnetic 
field  up  to  1.0  Tesla. 


CdTe  Cap  Layer  -  0.2  pm 


H8CdTe(211)B-6  pm 


CdTe(211)B-8  pm 


Si(211}B 


2nTe<211)B-20  nm 
(Si.Te)  compound  2-3 
rTKXK)layers 


Figure  1 .  Grown  hetero-epitaxial  structure  by  MBE. 

RESULTS 

The  structural  quality  of  the  as-grown  CdTe(211)El/Si  layers  was  measured  by  double 
crystal  x-ray  diffractometer  (DCD)  using  Si(33 1)  as  a  monochrotiuuor.  We  examined  the  rocking 
curve  of  {422}  diffraction  peak,  llie  layer  quality  is  evaluated  by  the  full  width  at  half  maximum 
(FWHM)  of  double  crystal  rocking  curve.  Using  the  optimized  growth  condition  for  Si(211)B 
substrates,  we  can  routinely  obtain  CdTe(21 1)B  layers  with  FWHM  below  100  arcsec  with  the 
lowest  value  of  74  arcsec.  Etch  pit  density  (EPD)  of  the  as-grown  layen  using  the  Everson 
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solution(lactic:  nitric;  hydrofluoric  acids  25:4:1)  were  in  the  low  10*  cm'^  which  is  about  one 
order  lower  than  the  values  previously  reported  on  CdTe(lll)B/Si  system.  In  order  to  find  out 
the  dependence  of  EPD  on  thickness,  one  of  the  above  grown  layer  was  machined  using  angle- 
diamond  point  turning  (DPT)[8].  Everson  etch  was  performed  and  etch-pit  counts  were  made  at 
several  locations  along  the  growth  direction  of  the  sample.  Figure  (2)  shows  the  obtained  EPD’s 
ageunst  the  distance  fi’om  the  interface.  As  can  be  seen,  heavy  misfit  dislocation  densities  near  the 
interface  were  observed,  which  rapidly  diminish  with  the  distance  fi-om  the  interface.  The  defect 
densities  approach  a  constant  value  at  a  distance  of  ~4  pm  from  the  interface. 


Distance  from  CdTe/Si  interface  (microns) 


Figure  2.  Everson  EPD  depth  profile,  the  inset  shows  a  cross-sectional  schematic  of 
CdTe(211)B/Si(211  sample  after  angle  diamond  point  turning  (DPT).  The  arrows  indicate  the 
approximate  positions  at  which  etch-pits  were  counted. 

A  series  of  HgCdTe(211)B  layers  were  grown  on  these  Cd(211)B/ZnTe(211)/Si  in 
RIBER  2300  system.  As  an  example.  Table  I  gives  the  characteristics  of  two  selected  layers 
grown  on  CdTe(21 1)B/Si  substrate.  Figure  (3)  shows  RHEED  pattern  obtained  during  the 
growth  HgCdTe.  We  have  grown  ~  6-8pm  thick  layers  of  HgCdTe  on  CdTe/Si  at  a  growth  rate 
of  ~  6-7  A/sec.  These  layers  are  quite  smooth,  as  is  seen  from  the  RHEED  pattern.  Measured  Hall 
measurements  show  clear  n-type  behavior.  Figure  (4)  shows  the  carrier  concentration  and 
mobility  curves  vs  reciprocal  temperature  of  layer  #1281.  The  Cd  composition  of  this  layer  is 
24%.  Electron  mobility  is  in  the  range  of  1x10*  cm^/v-s  at  40K  with  the  doping  level  of  -  3x10^* 
cm'*.  These  values  are  comparable  with  the  best  mobilities  reported  for  HgCdTe  for  this  Cd 
composition  and  this  doping  level.  EPD  of  these  layers  were  mostly  in  the  low  10*  cm'^. 
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Table  I.  Characteristics  of  selected  HgCdTe  layers  grown  on  CdTe(21  l)B/ZnTe/Si(21 1)  by  MBE. 


Figure  3.  RHEED  pattern  obtained  during  the  growth  of  HgCdTe(21  l)B  on  sample  #1281 


0  6  10  15  20  25  30 

lOOOH’OQ 


Figure  4.  Carrier  concentration  and  mobility  vs  reciprocal  temperature  of  MBE- 
HgCdTe(21  l)B/CdTe/ZnTe/Si  layer. 
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CONCLUSIONS 


We  demonstrated  the  feasibility  to  obtain  good  quality  of  large-area  HgCdTe(21 1)B  on  Si. 
The  Hall  mobility  and  the  EPD  of  our  HgCdTe  layers  are  comparable  to  the  layers  grown  on  bulk 
CdTe(21 1)B.  The  quality  of  CdTe(21 1)B/Si  has  been  significantly  improved  as  shown  by  the  EPD 
value.  We  believe  that  under  the  optimized  growth  condition  EPD  and  FWHM  could  be  further 
reduced.  The  EPD  value  will  be  further  reduced  to  the  device-quality  (mid  lO’  cm'^  )  for  the 
layers  grown  on  the  lattice-match  CdZnTe(211)B/Si  substrate  which  is  presently  under 
investigation  in  the  Microphysics  Laboratory. 
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ABSTRACT 

Raman  study  of  as-grown  and  H202-etched  surfaces  of  Zn^  ,Cdo  ^Te  single  crystal 
has  been  performed.  A  distribution  of  Te  precipitates  on  the  surface  of  as-grown  ZCT, 
which  increases  after  etching,  has  been  encountered.  With  high  irradiation  powers,  due  to 
the  oxidation  of  the  surfaces,  new  bands  of  TeOj^'  are  evolved.  A  downward  shift  in  the 
peak  position,  as  well  as  a  halfwidth  broadening,  of  all  Raman  modes  has  been  observed 
with  increasing  laser  power.  The  phenomenon,  due  to  the  formation  of  insulating  oxide  of 
tellurium  in  a  dispersion  of  Te  precipitates  and  vice-versa,  has  been  attributed  to  the 
quantum  confinement  of  phonons. 

INTRODUCTION 

Recently,  an  interesting  phenomenon  of  laser  induced  quantum  confinement  in  Te 
precipitates  and  their  oxides,  due  to  spatial  localization  of  excitons  and  phonons,  on  the 
surface  of  CdTe,  has  been  observed.*  Localization  of  electron  and  hole  wave  functions  in 
semiconductor  nanostructures  below  a  critical  size  leads  to  a  drastic  change  in  their 
physical  properties  as  compared  to  the  bulk.^  Quantum-size  effects  in  several  II-VI  group 
semiconductors  have  been  widely  studied.  Quantum-confined  semiconductor 
nanostructures  provide  an  opportunity  to  understand  the  critical-size  effect  on  phonons, 
exitons,  and  other  small  excitations.  The  non-linear  optical  phenomenon  exhibited  by 
these  structures  have  led  to  many  applied  investigations.^’'* 

Single  crystals  of  Zno  ]Cdo.9Te  (ZCT)  are  of  interest  because  of  several  important 
applications  of  the  meterial*  It  is  used  for  fabrication  of  high  efficiency  solar  cell 
structures,  nuclear  radiation  detectors,  electro-optic  modulators,  laser  windows,  as 
substrate  material  for  HgCdTe  based  opto-electronic  devices,  and  in  the  epitaxy  of  other 
II-VI  compounds  for  electronic  and  electroluminescent  applications.  In  addition,  the 
quantum-confined  insulating  oxides  of  this  material  may  find  potential  applications  in  the 
development  of  electronic  and  opto-electronic  devices,  such  as  ultra-fast  optical  switches 
etc. 

The  band  gap  of  amorphous  oxygenated  CdTe  (a-CdTe;0)  films  grown  in  a 
nitrogen  atmosphere  by  the  r.f.  sputtering  deposition  technique,  have  been  found  to  show 
a  wide  variation  in  the  range  of  1.48  to  3.35  eV,^’’  Auger  analysis  of  the  oxygenated 
compound  shows  the  existence  of  an  amorphous  ternary  compound  (CdTe)].,©,,.  The 
oxygenation  of  HjOj-etched  ZCT  surface,  under  ambient  condition,  with  high  laser- 
irradiation  power  can  be  reasonably  conceived.  The  Nj  from  air  could  serve  as  a  catalyst 
while  O2  will  provide  necessary  oxidation.  This  process  may  provide  interesting  example 
of  nanostructures  of  ZnojCdogTe  /  Zno,,-Cdo.9-Te-0  system  with  dispersion  of 
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semiconductor  (Zno.iCdo:,Te)  nanostructures  in  an  insulator  Zng  ,-Cdo,-Te-0  system  or 
vice-versa.  A  greater  electrical  insulation  of  constituent  nanostructures,  which  will  lead  to 
the  formation  of  quantum  dots  (QDs)  showing  a  strong  quantum  confinement  effect,  is 
expected  with  increased  oxidation.  Due  to  the  thermal  effects  caused  by  high  laser 
irradiation  power  a  study  of  laser  induced  exitonic  quantum  confinement  effect,  under 
ambient  conditions  would  be  difficult.  However,  the  quantum  confinement  of  vibrational 
modes  and  their  time  dependence,  as  well  as  the  species  formed,  can  be  effectively 
studied  using  Raman  spectroscopic  technique. 

We  report  the  controlled  oxidation  of  HjOj-ctched  as  well  as  as-grown  ZCT 
surfaces  and  its  in-situ  monitoring  using  Raman  spectroscopy  in  80-800  cm  '  range.  The 
evolution  of  TeOj^'  ion  on  the  surface  of  ZCT  is  discussed.  With  high  irradiation  power,  a 
phenomenon  of  quantum  confinement  of  Raman  modes,  due  to  the  formation  of 
insulating  oxide  of  tellurium,  is  being  reported.  In  addition,  the  effect  of  H^Oj-etching  in 
the  creation  of  QDs  is  discussed. 

EXPERIMENTAL 

Crystals  of  ZCT  were  grown  using  the  traveling  heater  method  (THM).*  Surface 
treatments  of  the  sample  was  done  by  H2O2  which  was  preceded  by  a  rinsing  in  5% 
Br/methanol  solution — this  standard  etching  procedure  is  used  in  fabricating  detectors. 
Two  surfaces  of  ZCT  with  the  HjOj  treatment  for  5  and  10  minutes,  were  thus  prepared. 
Coherent  Innova  99  CW  Ar^  laser  was  used  to  provide  514.5,  488.0,  and  476.5  nm 
excitation  wavelength.  All  Raman  measurements  were  performed  on  the  samples  kept  at 
room  temperature.  The  normal  laser  power  used  in  the  experiments  was  ~2  mW  to 
minimize  heating  and  consequent  changes  in  the  crystalline  state,  amorphization,  or 
oxidation  of  the  sample.  Higher  laser  powers  in  the  range  of  2  to  22  mW  were  used  to 
observe  the  quantum  confinement  effects.  The  beam  diameter  on  the  sample  was  less  than 
2  pm  using  an  SOX  eyepiece  in  the  Raman  microprobe.  Jobin-Yvon  T64000 
Spectrophotometer  with  subtractive  pre-monochromators  coupled  to  the  third 
spectrograph  /  monochromator  with  1 800  grooves/mm  grating  was  used  for  recording  the 
spectra.  Raman  measurements  were  made  using  a  -180°  backscattering  geometry.  A 
charge  coupled  device  (CCD  at  140  K)  detector  was  employed  to  detect  the  Raman 
signals. 

RESULTS  AND  DISCUSSION 

The  presence  of  excess  Te  on  the  surface,  as  well  as  in  the  bulk,  of  CdTe  and 
Zn,jCd,.„Te  single  crystal  is  well  established  and  has  been  widely  reported.’’'"  The 
formation  of  Te  aggregates  of  several  nanometer  diameter  on  the  surface  of  CdTe  by  the 
treatment  of  its  surface  using  dilute  HNO,  has  been  reported  by  Zitter.’  Later,  with  a 
chemical  etchant  of  Br/methanol  solution  Amirthraj  et  al.  found  a  similar  precipitation  of 
Te  on  the  surface  of  CdTe'°.  More  recently,  the  spatial  distribution  of  Te  precipitates  in 
the  volume  of  CdTe  wafers  has  been  studied  by  a  combination  of  Raman  and  Cathodo- 
luminescence  techniques.’  Thermal  annealing  of  as-grown  crystals  at  500-600  °C  either  in 
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Ga  melt  or  in  Cd  vapor  for  2  to  22  hours,  results  in  a  dissolution  of  Te  precipitates.  After 
a  long-time  annealing,  the  complete  disappearance  of  Te  and  its  oxide  from  the  surface  of 
CdTe,  using  Hj  plasma,  has  been  reported  by  Nishibayashi  and  co-workers."  Also,  the 
complete  disappearances  of  Te  Raman  bands,  as  a  consequence  of  all  of  the  above 
mentioned  surface  treatments,  have  been  reported.  In  the  absence  of  above  mentioned 
surface  treatments,  our  samples  contain  a  distribution  of  Te  precipitates  on  the  surface  of 
ZCT,  moreover,  a  treatment  of  their  surfaces  by  HjOj  helps  in  the  augmentation  of  Te 
precipitates  on  the  surface,  which  is  evident  from  our  experimental  results. 

Fig.  1  shows  the  Raman  spectra  of  three  ZCT  samples:  (a)  unetched,  (b)  HjOj- 
etched  for  5  min,  and  (c)  H202-etched  for  10  min.  Following  features  are  noticeable:  (1) 
The  intensity  of  prominent  Raman  modes  increases  after  etching.  (2)  As  a  result  of 
etching  all  Raman  bands  broaden  and  show  a  downward  shift  of  their  peak  positions — a 
similar  behavior  of  Raman  modes  is  observed  with  increasing  time-duration  of  etching. 

As  mentioned  earlier,  a 
random  distribution  of  Te 
precipitates  on  the  surface  of 
ZCT  is  found,  which  is  further  ^ 

augmented  with  the  H2O2-  = 

etching.  Moreover,  the  bulk  I 

phonons  of  CdTe  and  ZnTe,  =| 

which  have  far  smaller  Raman  | 

scattering  cross  section  than 
Te,  are  masked  underneath  the 
stronger  Te  bands.  It  is  known 
that  the  Zn,,Cd,.,jTe  system, 

with  increasing  x  (>  0.1),  pjg  j.  spectra  of  three  ZCT  samples  with  the  excitation 

shows  a  two-mode  behavior,  of  475  nm:  (a)  unetched,  (b)  H202-etched  for  5  min,  and  (  c) 
consequently,  four  phonons,  HjOj-etchedfor  lOmin. 
two  each  corresponding  to 

CdTe  (LO„  TO,)  and  ZnTe  (LO2,  TOj),  are  observed."  However,  for  x  less  than  0.1,  due 
to  the  degeneracy  of  TO„  LO2,  and  TO2  modes,  the  system  shows  a  one-mode  behavior 
and  accordingly,  only  two  fundamental  Raman  modes  which  correspond  to  LO  and  TO 
phonons  of  CdTe,  are  observed.  Thus,  we  assign  the  band  near  92,  103,  123,  and  141 
(partially)  to  the  presence  of  Te  on  the  surface  of  ZCT,  and  the  bands  at  ~140  and  ~270 
cm*'  are  assigned  to  TO  phonon  of  CdTe  and  its  overtone,  respectively. 

The  downward  shift  and  broadening  of  all  Raman  modes  with  etching  can  be 
attributed  to  the  increased  density  of  Te  precipitates,  which  helps  in  the  formation  of  QDs 
with  the  creation  of  insulating  oxides  of  tellurium,  as  discussed  later  in  this  section. 
Similarly,  the  intensity  of  the  Raman  bands,  after  etching,  increases  due  to  an  increase  in 
the  density  of  tellurium  on  the  surface. 

In  a  very  recent  communication  controlled  oxidation  of  CdTe  surface,  leading  to 
the  formation  of  isolated  TeOj^'  ions,  was  reported."  The  isolated  symmetric  bent  TeOj^' 
ion,  for  which  all  of  the  four  normal  modes  of  vibration  are  Raman  active,  shows  a  lifting 
of  degeneracy  in  crystalline  environment,  and  correspondingly,  six  Raman  bands  are 
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observed.  The  overtone  of  asymmetric  bending  mode,  v/,  falling  at  381  cm  *  have  been 
demonstrated  to  show  Fermi  Resonance  phenomenon  with  the  totally  symmetric  v,  band 
of  TeOj^'.  As  a  result,  two  intense  bands  at  -732  and  -777  cm*'  have  been  observed.  An 
exactly  similar  phenomenon  is  observed  in  both  HjOj-etched  and  as-grown  ZCT  samples. 
As  a  result  of  higher  Te  precipitation  in  etched  ZCT  samples,  the  intensity  of  an  TeOj** 
mode — similar  to  that  observed  for  tellurium  modes  in  Fig.l — increases.  With  higher 
irradiation  power,  all  TeO,^*  Raman  bands  in  ZCT  samples  broaden  and  show  a 
downward  shift  in  their  peak  positions.  A  similar,  but  more  thorough,  study  done  with  as- 
grown  CdTe  single  crystal  shows  the  same  behavior  of  all  TeO,^*  bands.  Therefore,  in 
order  to  elucidate  the  phenomenon,  we  present  the  results  of  our  experiment  done  on 
CdTe  with  high  laser-iiradiation  power. 

Fig.  2  shows  the  Raman  spectra  of  CdTe  single  crystal  using  S14.5  nm  excitation 
line  with  laser  powers — at  the  sample — of  2,  9,  13.5,  18,  and  22  mW,  as  shown  against 
each  spectrum.  With  increasing  irradiation  power,  the  bands  become  more  intense  and 
show  a  broadening;  in  addition,  a  linear  downward  shift  in  their  peak  positions,  with 
increasing  irradiation  power,  is  observed. 

A  study  of  Te  modes  in  80-160  cm*'  region,  with  increasing  irradiation  laser 
power,  shows  a  similar  downward  shift  and  broadening  of  all  Raman  modes  for  all  three 
ZCT  samples.  The  effect  of  increasing  irradiation  power  on  the  Raman  bands  in  the 
region  80-160  cm*',  for  10  min  HjOi-etched  surface  of  Zno  ,Cd<,9Tc,  is  shown  in  Fig.  3. 
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Fig.  2:  Raman  spectra  of  CdTe  using  an  excitation  line  of  514.5  nm  with  different 
irradiation  power  as  shown  against  each  spectrum.  The  two  bands,  at  -730  and 
-775  cm*',  clearly  show  a  downshift  and  a  halfwidth  broadening  with  increasing 
irradiation  power. 
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The  downshift  in  the  peak  position  of  the  Raman  modes  and  their  halfwidth 
broadening  indicate  a  size-dependent  phenomenon,  which  is  known  to  occur  in  spatially 
confined  semiconductor  nanostructures.  With  the  laser  irradiation,  oxide  of  tellurium,  in  a 
dispersion  of  ZCT,  and  Te  precipitates  are  formed,  resulting  in  an  electrical  isolation  of 
Te  precipitates,  TeOj^',  and  ZCT  from  each  other.  Thereby,  giving  rise  to  a  phenomenon 
of  quantum  confinement.  In  the  bulk,  q  =  0  conservation  conditions  must  be  fulfilled 
which  almost  completely  forbids  first-order  Raman  scattering.  In  the  case  of  nano¬ 
clusters,  where  the  cluster-diameter  is  small  compared  with  the  laser  wavelength,  the 
dipolar  approximation  is  valid  and  q  =  0  conservation  condition,  due  to  confinement  of 
the  phonons,  is  totally  relaxed.  Confinement  of  Phonons  has  been  observed  to  cause  a 
broadening  and  a  down-shift  in  the  Raman  modes.’'* 

The  increase  in  the  intensity  of 
the  Raman  bands,  in  Fig.  2  and  3,  with 
higher  irradiation  power  can  be 
understood  to  occur  due  to  an 
increased  precipitation  of  Te  on  the 
surface  of  the  crystal.  In  addition,  more 
oxidation  of  the  surface  takes  place 
with  higher  irradiation  power,  and  as  a 
result  the  intensity  of  the  TeOj^' 

Raman  bands  increases.  On  the  other 
hand,  the  increased  oxidation  of  the 
surface  results  in  an  increasing 
electrical  isolation  of  the  ZCT 
nanostructures,  Te  precipitates  and 
TeOj^*  ions,  on  the  surface.  Thus,  with 
the  larger  downward  shift  of  the 
Raman  peaks  and  their  increased  halfwidth  broadening,  which  is  evident  from  Fig.  1  and 
2,  it  is  inferred  that  the  size  of  the  QDs  decreases  with  increasing  laser-irradiation  power. 

As  stated  earlier,  the  Raman  measurement  of  ZCT  becomes  difficult  due  to  the 
high  precipitation  of  tellurium,  which  is  known  to  have  a  far  greater  Raman  scattering 
cross-section  compared  to  the  ZCT.  In  addition,  a  further  increase  in  the  density  of  Te 
precipitates,  after  etching  and  on  exposure  of  the  surface  with  higher  irradiation  power, 
make  the  Raman  measurements  even  more  complicated.  Therefore,  a  PL  study  at  low 
temperature  is  suggested  to  investigate  the  laser  induced  quantum  confinement 
phenomenon  of  ZCT  nanostructures. 

CONCLUSION 

With  our  Raman  study,  we  have  found  an  increased  distribution  of  Te  precipitates 
on  the  surface  of  H202-etched  Zn^  jCdo9Te  single  crystals.  Raman  studies  done  using  high 
laser  irradiation  powers  show  the  formation  of  TeOj^'  ion.  A  quantum  confinement 
phenomenon — ^which  is  manifested  by  a  downward  shift  of  the  Raman  peaks  and  their 


Fig.  3:  Raman  spectra  of  10  min  H202-etched 
surface  of  Zn0.iCd0.9Te,  with  an  excitation  line 
of 476  nm  and  an  excitation  power  of :  (a)  2  mW, 
(b)  5  mW,  and  (  c)  10  mW,  on  the  sample. 
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broadening,  with  increasing  irradiation  power — due  to  the  formation  of  insulating 
tellurium  oxide  on  the  surface,  has  been  observed. 
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ABSTRACT 

Spectroscopic  ellipsometiy  has  been  used  to  monitor  optical  characteristics  of  HgCdTe  surfaces 
during  plasma  etching  in  an  electron  cyclotron  resonance  reactor.  Commonly  used  process 
conditions  were  found  to  induce  changes  in  the  ellipsometric  parameters  'P  and  A.  A  model  was 
constructed  to  account  for  these  changes  in  terms  of  process-induced  roughness  and  mercury 
depleted  sub-surface  layers.  An  independent  characterization  of  the  near-surface  region  was 
carried  out  ex  situ  after  etching  using  Auger  spectroscopy  and  x-ray  photoelectron  spectroscopy. 
Plasma  process  parameters  were  varied  to  isolate  their  influence  on  surface  conditions  and  a  set  of 
parameters  is  given  for  which  changes  are  minimized. 

INTRODUCTION 

Mercury  cadmium  telluride  (HgCdTe)  is  the  detector  material  of  choice  for  high  performance 
infrared  focal  plane  arrays,  and  photovoltaic  diodes  are  the  favored  device  configuration.  The 
detector  fabrication  process  begins  with  the  deposition  of  planar  HgCdTe  epilayers  on  CdZnTe 
substrates.  These  layers  are  then  etched  to  form  an  array  of  isolated  detector  elements  and  to 
create  via  holes  for  electrical  contacting. 

Liquid  phase  epitaxy  has  long  been  the  standard  industrial  process  for  deposition  of  HgCdTe 
layers.  Recently  however,  a  number  of  advantages  of  a  vapor  phase  deposition  process  have  been 
demonstrated  [1,2].  The  most  important  of  these  is  control.  Because  vapor  processes  are  not 
constrained  by  thermodynamic  equilibrium,  the  composition,  thickness,  and  electrical 
characteristics  of  individual  layers  and  of  the  junctions  between  them  can  be  tailored  to  device 
applications  by  adjusting  the  fluxes  of  constituent  vapors  incident  on  the  wafer  surface.  In 
addition,  for  molecular  beam  epitaxy  (MBE),  the  most  advanced  form  of  vapor  phase  epitaxy,  the 
wafer  is  in  an  ultra  high  vacuum  environment  and  its  surface  is  easily  accessible  to  photon  and 
electron  beams  for  in  situ  analysis  and  real-time  process  control.  For  removal  of  HgCdTe  layers, 
wet  chemical  etching  in  a  solution  containing  bromine  is  the  industrial  baseline  process.  In 
principal,  the  advantages  that  are  associated  with  vapor  phase  deposition  would  also  hold  for 
vapor  phase  etching. 

Recently,  dry  etching  of  HgCdTe  has  been  achieved  with  a  process  based  on  a 
plasma  generated  in  an  electron  cyclotron  resonance  (ECR)  reactor  [3].  It  has  been  reported  that 
etched  surfaces  are  smooth,  and  that  heterojunctions  formed  with  CdTe  passivating  layers  exhibit 
a  flat-band  electrical  condition  [3,4].  A  first  step  toward  real  time  process  control  was  taken 
when  a  single-wavelength  ellipsometer  was  attached  to  an  ECR  reactor  to  give  information  on 
alloy  composition  and  surface  roughness  [3]. 

The  possibility  of  real-time  control  of  the  IR  detector  fabrication  processes  has  led  us  [5,6]  as 
well  as  others  [7-9]  to  investigate  the  use  of  spectroscopic  ellipsometry  (SE)  as  a  monitor  and 
control  for  the  MBE  process.  We  have  also  equipped  our  ECR  reactor  with  a  forty-four 
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wavelength  ellipsometer  to  assess  its  usefulness  as  a  real-time  monitor  of  the  HgCdTc  surface 
during  plasma  etching.  We  report  here  the  first  results  of  this  investigation. 

SE  consists  of  illuminating  a  sample  surface  with  white  light  and  measuring  changes  in  the 
polarization  state  of  the  reflected  radiation.  These  changes  can  be  related  to  chemical  and 
structural  characteristics  of  the  near-surface  region  by  modeling  the  ellipsomctric  data.  We  have 
utilized  a  model  based  on  an  effective  medium  approximation  and  a  graded  alloy  layer,  and  have 
sought  to  validate  the  modeling  results  by  carrying  out  an  independent  measurement  of  surface 
properties  using  Auger  and  x-ray  photoelectron  spectroscopes. 

EXPERIMENT 

Etching  was  performed  in  a  PlasmaQuest  ECR  plasma  reactor.  The  experimental  apparatus  is 
shown  schematically  in  Fig.  1.  An  ASTeX  source  operating  at  2  45  GHz  supplied  power  to  the 
ECR  chamber  through  a  quartz  window.  Microwave  reflected  power  was  minimized  using  a 
three  stub  manual  tuner.  The  upper  electromagnet  produced  a  873  G  magnetic  field  to  establish 
the  resonance  condition.  Capacitively  coupled  RF  input  from  a  40.68  MHz  RFPP  generator 
determined  the  negative  self-bias  potential.  The  RF  biased  mounting  stage  (chuck)  temperature 
was  controlled  with  a  NESLAB  recirculator.  10  Torr  of  helium  was  applied  to  the  backside  of 
the  wafer  to  facilitate  heat  transfer  during  etching.  A  Balzers  2200  //s  turbomolecular  pump 
maintained  a  base  pressure  of  1  x  10"*  Torr  between  runs. 
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Etching  was  carried  out  with  H2,  N2,  and  Ar  introduced  above  the  ECR  zone,  and  CH4 
incorporated  into  the  discharge  downstream  of  the  ECR  zone  (see  Fig.  1).  Process  pressure  was 
6  mTorr,  continuously  regulated  using  the  throttle  valve.  125  A  supplied  to  the  lower  collimating 
magnet  enhanced  ion  directionality.  Microwave  forward  power  was  600  W.  Spacing  between  the 
ECR  zone  and  the  sample  was  fixed  at  35  cm.  4  W  RF  input  power  established  a  3  to  6  V 
negative  self-bias  potential.  Coolant  temperature  in  the  recirculator  was  0  °C  for  all  tests.  A 
thermistor  embedded  in  the  chuck  typically  registered  an  8  °C  increase  during  a  20  to  30  minute 
run.  Previous  experiments  performed  with  a  Cl  Systems  noncontact  temperature  monitor 
indicated  that  sample  surfaces  reached  the  1 5  to  20  °C  range. 

The  HgCdTe  near-surface  region  was  monitored  during  etching  using  a  J.  A.  Woollam  Model 
M-44  spectroscopic  ellipsometer  mounted  on  the  ECR  reactor.  UHV  strain-free  quartz  windows, 
set  at  70®  with  respect  to  the  normal,  transmitted  the  incident  and  reflected  beams.  Alignment 
was  accomplished  using  vertical  and  horizontal  translation  and  tilt  adjustments  on  the  polarizer 
and  analyzer/detector  optical  mounts.  Light  reflected  from  the  sample  passed  through  the 
analyzer,  was  dispersed  by  a  diffraction  grating,  and  illuminated  the  44  element  diode  array  in  the 
detector.  The  SE  spectral  range  was  414  to  756  nm.  In  situ  system  calibrations  were  performed 
using  a  Si02  on  Si  reference  standard.  A  baseline  calibration  that  included  the  test  sample  was 
done  before  starting  the  etch  process.  'P  and  A  were  monitored  for  each  of  the  44  wavelengths. 

After  etching,  samples  were  transferred  under  vacuum  directly  from  the  ECR  reactor  to  the 
analysis  chamber  through  the  interconnecting  transport  system.  In  situ  Auger  analysis  was 
conducted  using  a  Physical  Electronics  single  pass  cylindrical  mirror  analyzer  (CMA)  with  the 
electron  beam  at  normal  incidence  on  the  sample  surface.  A  25  jam  diameter  fixed  beam  was  used 
at  a  current  of  10  pA  and  a  primary  beam  potential  of  3000  V.  Survey  spectra  and  reduced 
energy  range  spectra  about  each  elemental  peak  were  taken  to  detect  residuals  and  to  quantify 
composition.  Data  were  obtained  at  a  rate  of  1  eV/sec  from  regions  of  the  sample  with  no  prior 
beam  exposure  to  avoid  mercury  loss  due  to  beam  heating.  Composition  was  referenced  against 
in  situ  results  obtained  from  MBE  grown  HgTe,  HgCdTe,  CdTe  and  CdZnTe. 

Ex  situ  Auger  and  x-ray  photoelectron  spectroscopy  (XPS)  were  conducted  using  a  Physical 
Electronics  Model  560  equipped  with  a  double  pass  CMA  and  an  angular  resolving  aperture. 
Angle  resolved  and  integrated  data  were  collected  as  well  as  Auger  argon  ion  sputter  depth 
profiles  The  electron  beam  current  was  0.4  pA  at  a  potential  of  3000  V,  and  the  1 .5  pm 
diameter  beam  was  rastered  over  a  0. 1  x  0. 1  mm  area  while  collecting  survey  spectra.  An 
effective  collection  time  of  2.25  sec/eV  was  set  to  yield  a  dose  similar  to  the  in  situ  data,  but 
distributed  over  the  larger  raster  area.  A  reduced  dose  with  a  collection  time  of  1  sec/eV  was 
used  for  the  energy  regions  of  the  elements  during  depth  profiles  with  the  beam  in  spot  mode. 

The  electron  beam  was  incident  at  55°  from  the  sample  surface  normal,  and  angle  resolved  data 
were  collected  along  the  surface  normal  at  a  takeoff  angle  of  90°,  and  nearly  tangent  to  the 
surface  at  a  takeoff  angle  of  15°.  XPS  data  were  generated  using  a  Mg  Ka  source,  and  sputter 
depth  profiles  were  obtained  with  an  Ar  ion  gun  at  a  potential  of  4500  V.  The  0.6  mm  diameter 
beam  was  rastered  over  6x6  mm  and  10  x  10  mm  regions  to  reduce  the  erosion  rate  in  a 
controlled  manner.  Composition  and  sputter  rates  were  also  referenced  here  against  results  from 
MBE  grown  HgTe,  HgCdTe,  CdTe  and  CdZnTe. 
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RESULTS 


During  ECR  etching,  steady  state  values  for  'F  and  A  were  obtained  by  adjusting  the  process 
input  parameters.  A  model  was  then  applied  to  the  ellipsometric  data  in  a  time  slice  at  the  end  of 
the  experimental  run  to  determine  changes  induced  by  the  dry  etching.  Thus,  a  set  of  conditions 
which  resulted  in  stable  4^  and  A  values  was  a  necessary  requirement  for  this  implementation  of 
SE.  Previous  tests  at  NVESD  have  indicated  the  dependency  of  ECR  etching  results  on  HgCdTc 
sample  orientation,  composition,  and  possibly  doping  type,  emphasizing  the  importance  of  SE  as  a 
monitoring  tool. 

and  A  data  acquired  during  an  ECR  etching  experiment  are  shown  in  Figs.  2  and  3.  Before 
starting  the  etching  process,  the  gas  flow  rates  were  set  at  H2/N2/Ar/CHL4  =  40/30/120/4  seem 
The  initial  'P  and  A  values  in  these  figures  are  representative  of  a  30  nm  CdTe  passivation  layer  on 
HgCdTe.  Etching  started  after  taking  ellipsometric  data  for  I  minute. 


Time  in  Minutes 


Fig.  2.  Psi  experimental  data  versus  etch  time. 


Time  in  Minutes 


Fig.  3.  Delta  experimental  data  versus  etch  time. 
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The  H2  flow  rate  was  initially  set  at  40  seem  to  augment  the  removal  of  Te  by  the  formation  of 
TeH2  [3],  This  may  have  resulted  in  a  Cd-rieh  surfaee  layer,  as  indieated  by  the  defleetions  in  'F 
and  A  between  the  3  and  6  minute  marks.  The  H2  flow  was  temporarily  inereased  to  50  seem, 
aeeelerating  the  defleetion  of  the  ellipsometrie  data.  At  the  7  minute  mark,  the  H2  flow  rate  was 
then  decreased  to  35  seem.  This  caused  T  and  A  to  approach  a  more  stable  set  of  values.  At  15 
minutes,  the  H2  flow  rate  was  further  adjusted  to  34  seem. 

After  etching,  in  situ  Auger  results.  Fig,  4,  show  depletion  in  the  surface  Hg  content  similar  to 
that  observed  in  sputter  profiles  [10],  Surface  electron  spectroscopy  was  used  in  a  manner  that 
addressed  artifacts  specific  to  HgCdTe  [1 1,12].  The  chemical  analysis  was  continued  ex  situ  with 
angle  resolved  Auger  and  XPS  measurements  of  the  unperturbed  near-surface  region.  The 
interleaved  sampled  depths,  d,  for  Auger  (0.8  and  3.2  nm)  and  XPS  (1.4  and  5.4  nm)  provide 
reasonable  coverage  of  the  region.  Sampled  depths  were  for  a  0.9  detected  signal  fraction, 
I(d)/I(oo)  =  l-exp(-d/A,sin0),  where  X  is  the  escape  depth  [13,14]  and  0  the  takeoff  angle.  Both 
techniques  detect  significant  further  Hg  depletion  in  the  near  surface  beyond  that  observed  in 
angle  integrated  spectra.  This  is  illustrated  by  the  XPS  spectra  shown  in  Fig.  5.  No  unusual 
chemistry  was  observed  on  the  short  etch  duration  sample  and  the  carbon  residue  on  the  long  etch 
duration  sample  was  not  measured  by  XPS. 


KINETIC  ENERGY,  EV 

Fig.  4.  In  situ  Auger  spectra  of  the  Hg  depleted  surfaces  for  (a)  short 
and  (b)  long  duration  etches  showing  residual  carbon. 
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Fig.  5.  Angle  resolved  XPS  spectra  of  the  near-surface  composition  grade  for 
short  duration  etch  sampled  to  depths  of  (a)  5.4  nm  and  (b)  1 .4  nm. 

DISCUSSION 

A  series  of  models  were  constructed  to  account  for  the  ellipsometry  data.  The  model  which 
gave  a  best  fit  to  the  T  and  A  values  characteristic  of  the  steady  state  etching  condition  consisted 
of  three  regions  —  a  rough  surface  layer  containing  CdTe  with  voids,  a  HgCdTe  layer  whose 
alloy  composition  was  graded  in  depth,  and  a  HgCdTe  layer  with  a  composition  equal  to  that  of 
the  bulk  epitaxial  layer.  An  effective  medium  approximation  (EMA)  was  applied  to  the  surface 
layer.  Alloy  grading  was  modeled  using  five  nodes  with  four  slices  per  node  Variables  adjusted 
to  fit  the  data  were 

•  thickness  and  void  fraction  in  the  surface  layer 

•  thickness  and  alloy  composition  value  in  the  graded  HgCdTe  layer 

•  alloy  composition  of  the  bulk  epilayer. 
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Optimum  values  for  the  thickness  and  void  fraction  of  the  surface  layer  were  50  nm  and  58%, 
respectively.  The  “roughness”  of  the  sample  was  independently  measured  after  etching  with  an 
optical  interference  microscope  and  was  found  to  have  an  RMS  value  of  8  nm.  This  discrepancy  is 
attributed  in  part  to  the  assumption  of  uniform  composition  and  void  fraction  used  in  the 
ellipsometric  model  [15].  In  addition,  the  EMA  layer  thickness  and  void  concentration  are 
strongly  coupled  in  the  model  so  that  values  for  both  can  increase  proportionally  during  the 
iterative  fitting  process.  Results  for  the  graded  region  are  displayed  in  Fig.  6  in  terms  of  the 
Hgi_xCdxTe  x-value. 


“  +  “  Ellipsometer  -  o-  Auger/XPS 


Hg  Depleted  Layer  Depth  (A) 


Fig.  6.  Results  of  ellipsometer  and  Auger/XPS  analyses  showing 
changes  in  x-value  versus  distance  from  interface. 


Also  shown  in  Fig.  6  are  results  from  the  Auger/XPS  measurements.  These  measurements 
were  used  to  determine  the  x-value,  while  sputter  equilibrium  composition  identified  the  end  of 
the  mercury  depleted  region.  Equilibrium  is  reached  during  sputtering  alone  in  less  than  7.0  nm 
[11],  and  the  resulting  x-value  must  be  scaled  to  correct  for  preferential  mercuiy  loss  in  order  to 
reflect  the  original  x-value.  To  approximate  the  x-value  from  the  profile  data  between  the  near 
surface  and  the  sputter  equilibrium  depth,  the  correction  was  reduced  linearly  toward  the 
observed  surface  composition,  e.g.,  1  for  CdTe.  Finally,  the  sputter  erosion  rate  depends  on  the 
x-value  [12,  16].  In  our  system,  HgTe  erodes  at  twice  the  rate  of  CdTe  and  MBE  layers  erode 
more  rapidly  than  indicated  by  bulk  crater  measurements.  In  order  to  determine  the  depth  of  the 
graded  region  in  the  ECR  etched  samples,  CdTe  and  HgTe  reference  erosion  data  were 
incorporated  in  a  simple  model  where  the  alloy  erosion  time  is  the  sum  of  the  time  to  erode  the 
mole  fraction  of  each  of  the  compounds  which  make  up  a  depth,  d,  of  the  alloy.  The  calculated 
erosion  rate,  R(x)  =  d/(tx  +  ti-x)  =  [(l-x)/R(HgTe)  +  x/R(CdTe)]“\  was  used  to  obtain  an  average 
erosion  rate  and  then  the  thickness  of  the  graded  region.  In  Fig.  6  it  can  be  seen  that  agreement 
between  the  ellipsometry  and  Auger/XPS  results  is  reasonable. 
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CONCLUSIONS 


The  compositional  profile  for  a  HgCdTe  surface  region  obtained  by  modeling  spectroscopic 
ellipsometry  data  agrees  with  that  from  Auger/XPS  measurements.  This  constitutes  a  validation 
of  the  ellipsometric  technique  and  suggests  that  spectroscopic  ellipsometry  will  be  a  useful  tool 
for  ECR  plasma  process  development.  Plasma  etching  results  in  a  surface  that  is  rougher  than  the 
starting  material,  with  a  sub-surface  layer  whose  alloy  composition  is  graded  in  depth.  For  the 
process  conditions  used  in  this  experiment,  a  steady  state  is  reached  for  which  the  depth  of  the 
HgTe  depleted  region  is  on  the  order  of  several  hundred  angstroms. 
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ABSTRACT 

On-area  wire  bonding  of  HgCdTe  photoconductive  (PC)  infrared  detectors  usually  causes 
material  damage  underneath  the  bonding  pads.  Such  damage  may  propagate  into  the  active  area, 
potentially  degrading  performance  and  posing  long-term  reliability  problems.  Some  off-area 
bonding  fabrication  techniques  can  also  induce  some  degree  of  semiconductor  material  damage. 
In  this  paper,  we  report  a  relatively  straightforward  off-area  bonding  scheme  that  solves  these 
problems.  The  process  uses  multiple  photolithography  and  chemical  etching  steps  to  create  a 
continuous  slope  or  staircase  in  the  HgCdTe  leading  down  to  the  epoxy  surface.  The  staircase 
ensures  smooth  step  coverage  for  the  subsequent  metalization.  Tri-layer  photolithography  (resist 
/metal/resist)  and  reactive  ion  etching  (RIE)  is  then  used  to  remove  the  epoxy  in  the  bonding  pad 
area.  Since  all  areas  other  than  the  pad  region  are  protected  by  the  metal  film,  no  RIE  radiation 
damage  is  induced  to  the  active  area.  The  contact  metalization  is  achieved  by  using  standard 
liftoff  techniques.  Our  so  called  staircase  off-area  bonding  fabrication  technique  can  be  used  to 
fabricate  highly  reliable,  high  density,  small-size,  detector  arrays. 

I.  INTRODUCTION 

The  long  term  reliability  of  photoconductive  (PC)  HgCdTe  infrared  detectors  used  for  space 
flight  applications  has  always  been  a  concern.  Wire  bonds  on  PC  HgCdTe  detectors,  which  are 
a  potential  weak  point  in  the  mechanical  integrity  of  the  device,  need  to  withstand  the  extreme 
conditions  experienced  by  the  spacecraft. 

Typical  PC  detector  fabrication  involves  permanently  mounting  a  HgCdTe  wafer  onto  a 
substrate  with  epoxy  [1].  The  wafer  is  lapped  and  polished  to  a  thickness  of  about  10  microns. 
After  element  delineation,  contact  metalization  is  applied  using  standard  liftoff  techniques. 
On-area  or  off-area  bonding  is  then  applied  to  the  metal  contacts.  On-area  bonding,  shown  in 
Fig.  1(a),  refers  to  bonding  on  metal  that  is  directly  on  top  of  the  HgCdTe  material.  Off-area 
bonding,  shown  in  Fig.  1(b),  refers  to  bonding  on  metal  that  is  on  top  of  the  substrate. 
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(a)  (b) 

Fig.  1  (a)  On-area  wire  bonding,  (b)  Off-area  wire  bonding 


On-area  wire  bonding  of  PC  HgCdTe  detectors  usually  causes  semiconductor  material 
damage  underneath  the  bonding  pads.  Fig.  2  shows  crater-like  damage  caused  by  on-area  wire 
bonding.  Such  damage  poses  long-term  reliability  problems  and  potentially  introduces  noise  that 
degrades  the  detector  performance.  To  partially  mitigate  such  damage,  one  has  to  compromise 
on  the  bonding  wire  size  and  the  force  applied  for  bonding,  thus  leading  to  a  substantial 
reduction  of  bond  strength.  Using  an  off-area  bonding  scheme  solves  most  of  these  problems. 


Figure  2  Crater-like  damage  caused  by  on-aiea  wire  bonding 


Off-area  wire  bonding  does  not  take  place  on  top  of  the  semiconductor;  hence,  material 
damage  is  not  an  issue.  In  this  case,  the  bonding  is  supported  by  a  strong  substrate;  therefore,  a 
larger  diameter  bonding  wire  and  greater  bonding  force  can  be  applied  to  make  the  metalization 
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scheme  extremely  robust.  However,  off-area  bonding  techniques  can  also  induce  some  degree 
of  semiconductor  material  damage. 

n.  STAIRCASE  OFF-AREA  BONDING 


We  have  devised  a  relatively  simple  processing  recipe  for  off-area  bonding.  We  have 
successfully  demonstrated  the  fabrication  of  a  prototype  detector  using  standard  photolitho¬ 
graphy,  and  wet/dry  chemical  etching.  The  process  creates  a  smooth  transition  in  the  HgCdTe 
leading  down  to  the  epoxy  surface  without  damaging  the  semiconductor  material.  The  so  called 
staircase  off-area  bonding  fabrication  technique  can  be  easily  implemented  into  an  existing 
process  and  can  be  used  to  fabricate  highly  reliable,  high  density,  small-size,  detector  arrays. 

The  process  begins  by  permanently  mounting  a  HgCdTe  wafer  onto  a  substrate  with  epoxy. 
The  wafer  is  lapped  and  polished  to  a  thickness  of  about  10  microns,  (see  Fig.  3a).  The 
elements  or  arrays  are  delineated  using  wet  chemical  etching,  (see  Fig.  3b).  Using  a  photomask 
and  standard  photolithography,  the  HgCdTe  on  the  edges  of  the  detector  is  exposed  and  partially 
etched,  (see  Fig.  3c).  A  second  photolithography  step  exposes  the  etched  area  of  the  edge  and 
some  previously  unetched  HgCdTe.  The  second  etch  creates  a  continuous  slope  or  staircase  in 
the  HgCdTe  leading  down  to  the  epoxy  surface,  ensuring  smooth  step  coverage  for  the 
subsequent  metalization,  (see  Fig.  3d).  Tri-layer  technique  is  then  used  to  remove  the  epoxy  in 
the  bonding  pad  area  (see  Fig.  3e).  This  process  consists  of  spinning  on  and  thoroughly  baking 
a  thick  layer  of  photoresist,  depositing  a  thin  metal  film,  such  as  a  2000A  layer  of  gold,  and 


a)  Lap  &  Polish  HgCdTe  b)  Photomask  and  c)  Use  first  step  mask  d)  Use  second  step  mask 

to -10  microns  Delineate  and  etch  and  etch  again 


e)  Use  tri-layer  lithography  f)  Metalize  by  liftoff  g)  Apply  off-area  wire 

and  dry  etching  to  etch  epoxy  bonding 

Fig.  3  Detector  fabrication  sequence  using  staircase  off-area  bonding  scheme 


finally  spinning  on  and  soft-baking  a  second  layer  of  photoresist  directly  on  top  of  the  gold  film. 
Standard  photolithography  is  used  to  remove  the  photoresist  from  the  bonding  pad  area.  Wet 
chemical  etching  removes  the  intermediate  gold  layer.  Reactive  ion  etching  (RIE)  is  then  used  to 
remove  the  first  layer  of  photoresist  and  the  epoxy.  The  processing  conditions  include  using:  an 
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oxygen  plasma,  a  power  of  lOOW,  an  operating  pressure  of  200  mTorr,  and  an  etch  time  of  20 
minutes.  Since  all  areas  other  than  the  pad  region  are  protected  by  the  gold  film,  there  is  no  RIE 
damage  to  the  detector  material.  Any  standard  oxygen  plasma  ashcr  would  be  sufficient  to 
reproduce  this  step.  Next,  the  remaining  gold  film  is  stripped  off  by  a  simple  acetone  spray. 
The  contact  metalization  is  achieved  by  using  standard  liftoff  techniques,  (sec  Fig.  3f).  Finally, 
the  device  is  wire  bonded,  (sec  Fig.  3g).  The  staircase  off-area  bonding  fabrication  process 
described  here  is  not  limited  to  HgCdTe  devices.  By  using  the  appropriate  etchant,  this  process 
can  be  extended  to  other  semiconductor  material  based  devices. 

III.  TEST  DATA 


After  device  fabrication,  gold  wire  bonding  is  achieved  using  an  ultrasonic  wire  bonder. 
Since  the  wire  bonding  is  directly  on  the  substrate,  there  is  no  limit  to  the  maximum  acceptable 
wire  diameter  that  can  be  used.  For  the  purposes  of  this  test,  1 .25  mil  diameter  gold  bonding 
wire  was  used.  Destractive  wire  pull  tests  showed  that  a  12-14  gram  pull  was  necessary  to  break 
the  bond.  On-area  bonding,  which  is  typically  limited  to  0.7  mil  diameter  bond  wire,  has  a 
significantly  lower  bond  strength  of  3-4  grams.  Table  I  lisu  a  comparison  between  typical  on- 
area  and  the  staircase  off-area  bonding  schemes. 


Table  I  Comparison  between  typical  on*area  and  the  staircase  off-area  bonding  schemes. 


Bonding  Parameter 

Staircase  Off-area 
Bonding 

On-area  Bonding 

No  limit 

No  limit 

To  check  the  mechanical  integrity  of  the  metalization  under  adverse  thermal  conditions,  the 
devices  were  subjected  to  thermal  cycling.  The  detectors  were  cycled  from  liquid  nitrogen  to 
room  temperature  30  times. 

Fig.  4  shows  a  plot  of  current  vs  voltage  in  the  operating  range  of  the  device.  Using  a 
Keithley  236  programmable  current/voltage  source,  the  I-V  characteristics  of  the  device  were 
measured  to  verify  the  metal  contact  continuity.  As  expected,  the  I-V  plot  is  linear,  indicating 
ohmic  contacts.  The  plot  also  shows  a  5  Ohm  change  in  resistance  before  and  after  temperature 
cycling.  This  device  had  not  undergone  a  standard  metal  contact  stabilization  anneal  prior  to  the 
temperature  cycling,  hence,  the  minor  change  in  resistance  can  be  attributed  to  a  decrease  in 
contact  resistance  at  the  metal-semiconductor  interface. 
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0.2 


Current  (mA) 

Fig.  4  Current  and  voltage  plot  of  device  before 
and  after  thermal  cycling. 

Fig.  5  shows  a  scanning  electron  microscope  (SEM)  photo  of  the  GOES-like  HgCdTe 
detector  after  the  thermal  cycling  [2].  The  metalization  of  this  prototype  device,  deposited  by 
sputtering  to  only  0.8  |J,m  thickness,  is  continuous  and  remains  robust.  The  step  coverage  over 
the  leg  could  be  further  improved  by  increasing  the  overall  metal  thickness. 


Fig.  5  SEM  photo  of  GOES-like  HgCdTe  detector  [2]  using  staircase  off-area  bonding  fabrication  technique  . 
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IV.  CONCLUSIONS 

In  summary,  we  have  developed  a  reliable  processing  recipe,  using  tri-layer  photolithognq)hy 
and  wet/dry  chemical  etching,  for  the  fabrication  of  PC  HgCdTe  infrared  detectors  with  off-area 
bonding.  The  staircase  off-area  bonding  process  allows  for  the  fabrication  of  highly  reliable 
detectors  for  commercial,  military,  space  or  remote  sensing  applications.  In  addition,  this 
process  is  not  limited  to  HgCdTe  devices.  By  using  the  appropriate  etchant  and  tailoring  the 
number  of  steps  in  the  staircase  according  to  the  semiconductor  substrate  thickness,  it  can  also  be 
used  for  the  fabrication  of  other  types  of  semiconductor  laser,  detector,  or  modulator  devices, 
where  on-area  or  other  off-area  bonding  is  currently  being  used. 
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ABSTRACT 

The  inelastic  light  scattering  spectra  of  chalcopyrite  structure  ZnGeP2  crystals  grown  by  an 
improved  low  temperature  crystallization  from  the  nonstoichiometric  solution  of  this  compound 
in  the  liquid  Bi  or  liquid  Tl  solutions  as  well  as  grown  by  high  temperature  Bridgman  technique 
has  been  investigated  together  with  the  optical  absorption  and  electron  transport  measurements. 

INTRODUCTION 

Recently,  it  has  been  demonstrated  that  the  investigation  of  the  quasielastic  light  scattering  in 
the  near  infrared  spectral  range  from  free  carriers  in  doped  III-V  semiconductors  allows  one  to 
define  a  lot  of  information  on  both  the  parameters  of  the  band  structure  as  well  as  the  kinetic 
characteristics  of  the  current  carriers  [1-6]. 

A  natural  extension  in  the  search  of  quasielastic  electron  light  scattering  is  to  examine  ternary 
compounds  exhibiting  tetrahedral  coordination.  Ternary  chalcopyrite  structure  n-VI-V2 
compounds  are  currently  of  technological  interest.  They  show  promise  for  practical  application 
for  a  wide  spectral  range  optoelectronic  devices  [7-10].  Quasielastic  light  scattering  from  free 
carriers  in  chaIcop5nite  structure  compounds  are  also  of  interest  from  a  fundamental  point  of 
view  since  the  chalcopyrite  structure  can  be  regarded  as  the  simplest  ternary  analogs  of  the  binary 
zincblende  structure  III-V  compounds.  They  can  be  derived  from  the  binary  phases  by  ordered 
substitution  of  the  Groups  II  and  IV  atoms  for  the  Group  III  atoms. 

An  especially  good  candidate  most  promising  for  practical  nonlinear  optical  applications  in  the 
areas  of  optical  parametric  oscillators  and  upconverters  in  the  mid  infrared  range  is  the 
chalcopyrite  structure  crystal  ZnGeP2  [8-10]. 

In  this  paper,  we  develop  a  theoretical  model  for  the  free-electron-(hole)  gas  fluctuations  for 
the  low-  concentration  limit  under  the  condition  of  strong  screening  and  derived  explicit 
expressions  for  quasielastic  light-scattering  cross  sections.  We  examine  the  quasielastic  light 
scattering  from  current  carriers  excitations  in  the  low-concentration  w-InP  samples.  We  used 
these  data  as  a  good  model  system  to  study  the  low  temperature  (LT)  grown  from  the 
nonstoichiometric  solution  as  well  as  grown  by  high  temperature  (HT)  directional  solidification 
from  stoichiometric  melts  and  by  Bridgmen  (nearly  stoichiometric)  techniques  ZnGeP2  single 
crystals,  with  the  lowest  pseudodirect  energy  gap  of  1.99  eV  at  room  temperature  (RT)  and  n- 
InP  crystals,  isoelectronic  analogue  of  ZnGeP2,  with  direct  energy  gap  of  1.56  eV  (at  RT)  by 
using  nonresonant  near-infrared  excitation  with  photon  energies  ft  o,  =  1.17  eV.  The  absence  of 
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an  intense  background  hot  luminescence  has  provided  us  with  an  opportunity  to  cany  out 
quasielastic  light  scattering  measurements  in  the  low  frequency  range  close  to  the  laser  line. 

THEORY  OF  QUASIELASTIC  ELECTRONIC  LIGHT  SCATTERING 

Spectral  lineshape  for  quasielastic  light  scattering  spectra  from  charge  density  fluctuations  fnr 
small  free  carrier  concentrations 


The  energy  and  momentum  conservation  laws  for  the  elementary  process  of  quasielastic 
electronic  light  scattering  have  the  form 

Ep’  -  Ep=  ti  (CDi  -  Q}f)  ~  h  Cl) 

p'-p  =  h(ki  -kj  ^tiq.  (1) 

Here  Ep  the  energy  of  electron  with  quasimomentum  p,  (a>/.  K)  and  (o)^  kj  are  frequencies  and 
wave  vectors  of  the  incident  and  scattered  light,  respectively;  ho)  and  hq  are  energy  and 
momentuin  transfer  during  the  scattering  process.  The  energy  and  momentum  transfer  are  small 
for  scattering  by  free  carriers  and  there  is  no  electronic  scattering  if  in  Eqs.  (1)  one  takes  ^  =  0. 
This  is  the  reason  why  this  type  of  scattering  is  called  quasielastic. 

The  scale  of  quasielastic  electronic  scattering  is  set  by  the  squared  classical  radius  of  the 
electron  ro  =  e^/mc^  =  2.82x  10'*^  cm.  This  quantity  is  small  which  makes  the  observation  of 
quasielastic  electronic  scattering  very  difficult. 

The  direct  information  on  the  spectral  lineshape  for  quasielastic  electronic  light  scattering 
can  be  obtained  from  the  integrated  light  scattering  cross  section  [2] 

c/2 1  Vq),co^  f  ^ 

(2) 

where  the  space  Fourier  component  of  the  equal-time  correlation  function  is 
<  >v  =  J  <  SxSf‘)SxM  >,  d^r.  (3) 

Further  simplifications  at  high  temperatures  T  »  h  o)  are  possible,  because  classical 
fluctuations  are  usually  uncorrelated.  The  correlation  function  from  Eq.  (3)  then  reduces  to 
mean-square  fluctuations  of  basic  thermodynamic  quantities. 

In  the  case  of  semiconductors  with  low  concentrations  of  current  carriers  and  nondegenerate 
band  structure  like  n-GaAs  andp-ZnGeP:  (for  which  within  the  quasicubic  model  the  triple 
degeneracy  of  thep-like  valence  band  T/j  removed  and  splits  into  a  nondegenerate  level  /> 
lying  above  a  nondegenerate  and  F ?  levels  due  to  simultaneous  effects  of  the  noncubic 

crystalline  field  and  spin-orbit  interaction)  the  quasielastic  light  scattering  cross  section  reduces 
to  the  Thompson  cross  section.  In  the  resulting  cross  section  the  mass  of  the  free  electron  is 
replaced  by  the  effective  mass  of  current  carriers. 

The  spectral  lineshape  of  quasielastic  electronic  scattering  depends  on  the  type  of  the 
fluctuations  from  which  scattering  occurs.  In  our  case  of  the  low  concentrations  of  free  carriers 
the  charge  density  fluctuations  are  responsible  for  the  quasielastic  electronic  scattering.  The 
important  aspect  of  the  discussion  of  quasielastic  electronic  scattering  of  light  by  charge 
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excitations  is  the  electronic  screening  of  fluctuations.  If  the  concentrations  of  current  carriers  is 
low  and  the  screening  radius  r,  is  large  enough  to  satisfy  the  following  condition 

qrs»\,  (4) 

then  excitations  with  the  wave  vectors  q  are  not  screened.  When  there  is  no  screening  the  single 
particle  fluctuations  of  the  charge  density,  5  n,  are  the  most  important  in  the  process  of 
quasielastic  scattering.  Light  is  scattered  by  the  single  particle  excitations  only  and  there  are  now 
collective  plasmon  excitations.The  corresponding  contribution  to  the  electron  susceptibility 
tensor  has  the  form 


(5) 


Here  the  tensor  =  m  yf  is  defined  by  the  matrix  yf .  Diagonal  components  of  the  matrix  yf^ 
describe  intraband  scattering  .  The  spatial  Fourier  component  of  the  electronic  density 
fluctuations  n  has  the  form 

5n  =  (6) 

a 


Substitution  of  Eqs.  (6)  and  (4)  to  (2)  leads  to  the  integrated  light  scattering  cross  section 
given  in  terms  of  the  correlation  function  <Sn^>q_co-  The  correlation  of  charge  density 
fluctuations  (6)  is  important  for  separations  r  large  than  only.  In  the  opposite  case  (4),  when  r 
~  «  rs ,  the  charge  density  fluctuations  are  uncorrelated.  There  is  no  interference  of  the 

electromagnetic  waves,  which  are  scattered  from  different  carriers.  The  resulting  cross  section 
takes  the  form 


do)  dco 


=  Vr^\e‘,  jc/r 


(7) 


Here  Ar(r) =r(t  +  r)  -  r(t)  is  the  displacement  of  the  electrons,  which  is  determined  by  the 
electron  kinematics. 

After  taking  into  account  the  long-range  fluctuations  in  the  impurity  potential  and  the 
integration,  one  gets  the  light  scattering  cross  section  in  the  form 


d-H 
dco  dco 


nV 


dt 

-cos^/expj- 


24  m*' 


(8) 


where  Vf  =  2T/m*,  and  po  is  mean  square  fluctuations  of  the  electron  chemical  potential.  If  the 
mean  square  fluctuation  is  neglected  in  Eq.  (8),  the  integration  over  t  leads  to  the  well  known 
Gaussian  contour  of  the  quasielastic  electronic  light  scattering  spectrum 


311 


I 

nV\ 

f  I 

2 

I  (J  -SW— -vn  I 

{  I 

dcodo)  ' 

I  (.  -e  )  exp-| 

WvJ 

where,  line  width  /c  =  qvf.  This  cross  section  is  well  known  in  classical  atomic  plasmas.  It  is 
apparent  that  the  width  of  the  light  scattering  cross  section  [Eq.  (9)]  reflects  the  distribution  of 
particle  velocities  and  depends  on  the  fluctuation  potential  po ,  i.e.  on  the  concentration  of 
impurities  n. 

EXPERIIMENT  ASPECTS 

Our  inelastic  light  scattering  measurements  were  performed  by  using  as  an  excitation  source 
the  1064.2  nm  line  of  a  cw  Nd^^:  YAG  laser.  The  scattered  light  was  analyzed  by  a  double 
grating  monochromator  with  a  spectral  resolution  of  2. 1  cm*'  and  detected  with  a  cooled 
photomultiplier  tube  with  a  photon-counting  electronic  system.  To  avoid  sample  heating  effects 
the  incident  laser  power  was  maintained  at  a  sufficiently  low  level  of  less  than  20  mW  which 
was  found  insufficient  to  affect  the  detected  spectra. 

The  LT  ZnGeP2  single  crystals  were  obtained  by  method  of  vertical  bottom-seeded  solution 
growth  with  the  crystallization  temperature  in  the  range  of  700-750  ”C  which  is  rather  low  than 
the  sphalerite-chalcopyrite  phase  transition  temperature  [7],  The  samples  were  parallelepipeds 
oriented  along  [100]  and  [001]  directions.  Our  X-ray  microprobc  study  of  the  LT  grown 
ZnGeP2  single  crystals  have  revealed  the  same  parameters  as  for  samples  grown  by  standard  HT 
method  from  the  directional  sq^lidification  from  stoichiometric  melts  [8]and  by  Bridgman  (nearly 
stoichiometric)  techniques  [9-10]. 

RESULTS  AND  DISCASSION 


All  the  LT  grown  ZnGeP2  samples  exhibited  p-type  conductivity  as  for  the  HT  grown 
ZnGeP2  single  crystals  [8-10].  In  Fig.  I  we  show  the  temperature  dependence  of  the  hole 
concentrations  for  the  LT  grown  p-ZnGt?i  single  crystals  obtained  from  liquid  <Bi>  and  <TI> 
solutions. 

Fig.  1 .  Temperature 
dependence  of  the  hole 
concentrations  of  the  two 
LT  grown  p-ZnGt?^  <Bi> 
and  <T1>  samples. 

Symbols:  x  and  A  for  /t*.  and 
o  for  p^. 

Fig.  2.  Optical  absorption 
spectra  of  the  LT  grown 
ZnGeP2  <Bi>  and  HT  grown 
p-ZnGeP2  single  crystal 
obtained  by  standard 

2.0  2.5  3.0  3.5  i.o  2.0  3.0  100  technique. 

lOOO/r.K-'  X.nm 


The  activation  energy  Ea  «  0.55  eV  forp  =  l.Oxlo'^cm*^  at  RT  is  characteristic  for  deep 
acceptors.  We  found  that  the  Hall  coefficients  and  electrical  conductivity  of  the  LT  grown 
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ZhGcPt  single  crystals  were  isotropic.  This  means  that  the  tetragonal  compression  along  the 
[001]  direction  is  not  enough  to  cause  measurable  anisotropy  of  the  Hall  mobility. 

Figure  2  shows  the  comparison  of  the  optical  absorption  spectra  of  the  LT  and  HT  grown  p- 
ZnGePz  single  crystals.  It  is  evident  that  the  band  edge  absorption  of  the  LT  grown  p-ZnGePi 
single  crystals  approximately  4  times  less.  Figure  3  shows  typical  near  infrared  quasielastic 
electronic  light  scattering  spectra  observed  from  doped  «-InP  samples,  binary  analogue  of 
ZnGep2,  for  different  concentrations  for  polarized  scattering  configuration.  TTie  solid  curves  are 
obtained  by  the  subtraction  of  the  two-phonon  contributions.  Gaussian  fit  according  to  Eq.  (8)  is 
shown  by  dots. 


Fig. 3.  Quasielastic  electronic  light  scattering  spectra  of  «-InP  samples  in  the  low 
concentration  range  for  different  concentrations.  The  excitation  of  the  spectra  were  performed 
with  laser  photon  energies  ft  <u,-  =  1.17  eV. 

Fig.  4.  Quasielastic  electronic  light  scattering  spectra  observed  at  RT  and  T  =  500  K  from 
the  LT  grown  ;7-ZnGeP2  single  crystal  obtained  from  liquid  <Bi>  solution,  ft  <Ui  =  1.17  eV. 

The  properly  polarization  behavior  of  the  Raman  scattering  spectra  obtained  from  the  long- 
wavelength  optical  phonons  and  the  sharpness  of  the  lines  with  the  denconvoluated  values  of 
full  width  at  half  intensity  of  1-3  cm'‘  indicated  on  high  crystalline  quality  of  the  LT  grown 
ZnGePi  single  crystals.  The  typical  results  of  our  study  of  near  infrared  quasielastic  light 
scattering  observed  for  polarized  scattering  configuration  at  RT  and  T  =  500  K  for  the  LT 
grown  ZnGep2  single  crystal  obtained  from  liquid  <Bi>  solution  are  presented  in  Fig.  4.  The 
distortion  of  the  low-frequency  occurs  at  higher  temperatures.  Temperature  was  obtained  from 
the  Stokes-anti-Stokes  intensity  ratio.  The  shape  of  the  spectra  at  T  =  500  K  show  a  new 
remarkable  behavior  which  is  very  similar  to  the  ones  found  in  this  scattering  configuration  for 
«-type  InP  samples  in  the  low-concentration  range  (Fig.  3).  The  analysis  of  the  Gaussian  fit  of 
the  observed  spectral  line  shape  according  to  Eq.  (8)  is  particularly  accurate  and  similar  to  that 
shown  in  Fig.  3.  All  these  findings  strongly  suggest  that  the  distorted  spectrum  arises  from  the 
quasielastic  light  scattering  due  to  the  holes  charge  density  fluctuations. 

CONCLUSIONS 

We  have  developed  a  theoretical  model  and  derived  an  explicit  expression  for  the 
quasielastic  electronic  light-scattering  cross  sections  due  to  the  charge  density  fluctuations  under 
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the  condition  of  rare  collisions.  We  have  demonstrated  the  first  direct  comparison  with 
experimental  results  for  temperature  dependencies  of  the  spectral  line  shapes  for  the  quasielastic 
light  scattering  spectra  induced  by  free  hole  gas.  The  experimental  verification  is  performed  on 
the  low-concentration  «-InP  samples,  which  under  the  realization  of  the  condition  of  non¬ 
resonant  near-infrared  excitation  when  hcji^Eg,  served  as  a  well  controlled  model  system,  as 
well  as  on  the  LT  grown /^-ZnGeP:  single  crystals  obtained  from  liquid  <Bi>  solution.  Finally, 
the  theoretical  approach  to  the  problem  and  the  observed  results  provide  clear  evidence  for  the 
existence  of  strongly  temperature-dependent  free-hole  gas  fluctuations  and  proves  the 
observation  of  quasielastic  light  scattering  from  charge-density  fluctuations. 
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ABSTRACT 

ZnGeP2  crystallized  from  the  melt  via  horizontal  gradient  freezing  shows  the  tendency  to 
decompose  into  Ge  and  GeP  when  the  equilibrium  vapor  pressure  is  not  exactly  controlled  during 
the  entire  crystallization  process.  Using  differential  thermal  analysis  (DTA)  it  was  found  that 
ZnGeP2  has  a  truly  congment  melting  point  of  131 1  K.  Adding  small  amounts  of  the  elements  and 
binaries  in  the  ternary  system  Zn-Ge-P  to  stoichiometric  ZnGeP2  a  significant  deflection  of  the 
liquidus  curve  was  observed  at  the  melting  point  of  ZnGeP2.  From  DTA,  X-ray  diffractometry 
(XRD),  photoluminescence  (PL),  transmission  and  conductivity  measurements  it  was  concluded 
that  the  melt  grown  material  was  highly  compensated.  The  presence  of  a  broad  acceptor  and  donor 
band  in  the  band  gap  could  be  associated  with  phosphorous  and  zinc  point  defects  in  the  crystal 
lattice.  It  is  assumed  that  the  defect  concentrations  are  of  the  order  10^^  cm"3. 

INTRODUCTION 


ZnGeP2  crystallizes  in  the  chalcopyrite  structure  (S.G.  14  2d)  which  can  be  inferred  from  the 
sphalerite  lattice  by  doubling  the  unit  cell  of  ZnS  and  ordering  the  cation  lattice.  This  ordering 
provoces  a  small  distortion  in  the  direction  of  the  c-axis  which  substantially  affects  the  optical  pro¬ 
perties  such  as  birefringence  (0.36%)  and  the  direct  band  gap  of  2.34  eV  at  room  temperature.  The 
non-linear  optical  properties  can  be  used  for  optical  parametric  oscillators  and  for  frequency 
mixing.  To  gain  a  high  yield  from  such  optical  devices  a  chalcopyrite  material  of  high  transparency 
is  in  demand,  which  can  only  be  obtained  by  a  close  control  of  composition  during  growth. 
Although  the  decomposition  pressure  at  the  melting  point  is  around  3.5  bars  [1]  large  crystals  of 
high  optical  quality  can  be  grown  from  the  melt  by  gradient  freezing. 

In  this  paper  we  present  results  on  the  melting  behaviour  in  the  vacinity  of  stoichiometric 
ZnGeP2  and  on  the  thermal  stability  of  this  compound  semiconductor.  To  get  insight  into  the 
homogeneity  range  the  grown  material  was  investigated  by  x-ray  diffractometry,  conductivity  and 
photoluminescence  measurements. 

EXPERIMENTAL 

Crystal  Growth 

ZnGeP2  was  synthesized  employing  two  zone  melt  synthesis  which  allows  to  produce  single 
phase  material  of  35  g.  Starting  from  the  elements  of  high  purity,  zinc  pellets  and  germanium 
lumps  were  posed  into  a  glassy  carbon  boat  which  was  placed  into  a  quartz  glass  ampoule  of 
30  mm  diameter  and  a  length  of  300  mm.  Prior  to  evacuating  and  sealing,  the  related  amount  of 
red  phosphorous  was  placed  at  the  opposit  end  of  the  tube  to  obtain  ZnGeP2.  In  a  two  zone 
furnace  both  sides  were  heated  separately.  The  carbon  boat  was  brought  to  1323  K  within  3  h,  the 
phosphorous  side  was  increased  to  a  slightly  higher  temperature  over  a  period  of  24  h  to  complete 
reaction  under  controlled  pressure  conditions.  To  prevent  decomposition  of  the  melt  an  additional 
amount  of  zinc  and  phosphorous  was  added  to  the  ampoule  before  [2].  To  crystallize  the  material  a 
temperature  gradient  of  1.7  K/cm  was  applied  along  the  boat  and  the  temperature  decreased  by 
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0.15  K/h.  The  crystallized  ingot  was  cut  into  wafers  to  perform  X-ray  diffractomctry  (XRD)-, 
differential  thermal  analysis  (DTA)-  and  photoluminescence  (PL)-  measurements. 

Differential  Thermal  Analysis  (DTA)  and  Thermal  Gravimetry  (TG) 

Melting  behaviour  and  thermal  stability  were  studied  using  a  Netzsch  Simultaneous  Thermal 
Analysizer  STA  409.  Starting  materials  were  stoichiometric  ^GcP2  and  mixtures  of  it  with  Ge, 
GeP,  GeP2,  ZnP2  and  Zn3P2,  respectively.  Total  amounts  of  100  mg  per  run  were  sealed  under 
vacuum  in  Si02  tubes  (3  mm  diameter,  10  mm  length).  The  samples  were  placed  in  Pt-Ir  crucibles 
in  a  sample  supporting  system,  consisting  of  high  temperature  stable  ceramics,  and  enveloped  in 
platinum  foil  to  ensure  uniform  temperature.  A  heating  rate  of  5  K/min  was  used.  As  internal 
standard  the  a  ->  p  transition  of  quartz  at  846  K  was  used  as  reference.  Temperature  data  were 

reproducible  with  a  consistancy  of  AT  ^  2K.  TG  experiments  were  performed  placing  the  samples 
in  AI2O3  crucibles.  The  samples  were  heated  under  N2  flow  (1  bar,  100  seem)  to  1523  K  using  a 
heating  rate  of  5  K/min. 

X-rav  PiffractometTV  (XRD).  Conductivity  and  Photoluminesccncc  (PD-  measurements 

A  SIEMENS  X-ray  diffractometer  D500/5000  with  Cuka-radiation  was  used  for  XRD 
measurements.  A  1 12-oriented  ZnGeP2  wafer  was  cut  from  a  grown  ingot,  polished  with  diamond 
paste  and  etched  in  brom  methanol  for  60  s.  A  standard  four  point  probe  system  was  employed  to 
measure  the  conductivity.  Photoluminescence  measurements  were  performed  in  an  energy  range 
from  0.8  to  2.6  eV  varying  the  temperature  T  from  4.7  to  195  K,  the  excitation  power  Pex  from  1 

to  300  mW  and  the  excitation  wavelength  X^x  from  472.9  to  514.5  nm.  In  the  energy  range  from 
0.8  to  1 .2  eV  a  Ge-detector  cooled  by  liquid  nitrogen  was  used,  in  the  range  from  1 .2  to  2.6  eV  a 
Si-detector  was  employed. 

RESULTS  AND  DISCUSSION 

X-ray  Diffractomctry  (XRD) 

The  XRD  patterns  of  ZnGcP2  samples  were  compared  with  the  theoretical  diffractogram  which 
was  calculated  using  the  lattice  constants  a  =  5.469  A  and  c=  10.714  A  taking  into  account  the 
specific  geometry  of  the  SIEMENS  diffractometer. 

It  was  found  that  XRD  patterns  of  ZnGcP2  obtained  at  the  beginning  of  the  horizontal  gradient 
freezing  process  fitted  the  line  intensities  and  positions  of  the  ideal  diffractogram  at  best  (see  Table 
I).  This  result  also  proves  the  high  degree  of  ordering  of  the  cation  sublattice  in  the  chalcopyrite 
phase.  Disordering  was  detected  by  comparing  the  intensity  ratio  of  the  200  and  004  reflexes  of 
each  sample  with  the  standard.  When  in  the  following  crystallization  process  the  melt  lost  Zn  and  P 
in  the  %  mole  range  Ge  and  GeP  reflexes  appeared  in  the  XRD  diagrams  (figure  1 ).  A  disorder  of 
the  cation  sublattice  was  observed  when  the  Ge/GeP  content  succeeded  20  %molc.  It  is  worth 
mentioning  that  GeP  is  a  polymorphous  material  which  can  crystallize  in  at  least  six  different 
modifications  [3).  Under  ambient  conditions  it  appears  in  a  monoclinic  structure.  In  a  2^GeP2 
matrix  GeP  was  stabilized  in  sphalerite  structure  a  typical  high  pressure  phase  which  can  be 
obtained  by  reaction  of  the  elements  at  1673  K  and  40  GPa  [3].  From  the  XRD  measurements  the 
following  thermal  decomposition  process  for  ZnGeP2  can  be  described  by  the  equation 

ZnGep2  <=>  Zn(g)  +  ( 1  -x)  Ge(c)  -i-  x  GeP(c)  +  (0.5-0.25x)p4(g)  ( 1 ). 


Differential  Thermal  Analysis  (DTAl 

In  the  figures  2  to  3,  DTA  heating  traces  are  presented  which  illustrate  the  influence  of  GeP/Ge 
(ratio  5:1),  Ge,  GeP,  Gep2,  ZnP2  and  Zn3P2  added  to  ZnGeP2.  The  sample  BGl-Zl,  which 
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represents  single  phase  material,  has  a  melting  peak  at  131 1  K.  The  heat  of  fusion  attributed  to  this 
peak  amounts  to  55.2(±  8)kJ/mole.  Solid-solid  phase  transitions  as  known  from  other 
chalcopyrites  such  as  CuInS2  could  not  be  detected.  Adding  ^.25  %mole  of  the  phases  mentioned 
above  the  melting  peak  lowers  by  >2  K  and  broadened.  Additional  peaks  appear  which  will  be 

addressed  as  peritectic  and  eutectic 
temperatures.  Adding  zinc  phos¬ 
phides  the  occurrence  of  a  shoul¬ 
der  attached  to  the  left  side  of  the 
melting  peak  is  typical.  Therefore, 
besides  XRD  the  shape  of  the 
DTA  traces  can  be  applied  to 
characterize  the  composition  of  the 
grown  material. 

The  results  of  all  measure¬ 
ments  are  summarized  in  a 
pseudobinary  cut  (figure  4). 
Remarkable  is  the  deflection  of  the 
liquidus  around  ZnGeP2  which 
proves  that  this  ternary  has  a  truly 
congruent  melting  point.  In  the 
work  published  by  Buehler  [4] 
this  pronounced  melting  behaviour 
was  not  described.  He  used 
cooling  curves  to  construct  the 
phase  diagram  and  the  lower 
temperatures  in  his  liquidus  might 
be  due  to  supercooling  effects. 

Decomposing  a  ZnGeP2 
powder  in  a  N2  flow  (100  seem) 
employing  a  thermobalance  the 
material  lost  weight  at 
temperatures  higher  than  973  K. 


33  34 

ZTheta  [degrees] 


Figure  1 .  XRD  patterns  of  ZnGeP2- wafers  cut  from  a  crystal 
ingot  in  the  sequence  of  crystallzation. 


T/®C 

Figure  2.  DTA  heat  traces  of  ZnGeP2- wafer 
material  cut  from  a  crystal  ingot  in  the 
sequence  of  crystallzation. 


T/“C 

Figure  3.  Melt  behaviour  of  ZnGeP2  adding  0.25 
to  3  %mole  of  ZnP2  and  Zn3P2,  respectively. 
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Figure  6.  Shift  of  the  emission  peak  of 
a  ZnGeP2  wafer  with  temperature. 


Figure  4.  Section  of  the  ZnP2  -  Ge/GeP 
pseudobinary  phase  diagram. 


Figure  5.  PL  emission  peak  of  a  1 12-oriented 
ZnGeP2  wafer  at  T  =  4.75  K. 


Table  I.  Calculated  and  measured  intensities 
of  theXRD  lines  in  ZnGeP2 
(a  =  5.469  A,  c  =  10.714  A). 
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Figure  7.  Dependence  of  the  band  gap 
shift  of  ZnGeP2  with  temperature  and  of 
the  PL  peak  shift  of  the  emission  peak 
with  temperature  and  excitation  power. 
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Using  a  heating  rate  of  5  K/min  the  weight  loss  rate  dm/dt  was  highest  at  1203  K.  At  1573  K 
decomposition  was  completed  by  >  95%.  The  remaining  material  consisted  of  Ge  and  GeP. 

To  experimentally  check  the  heat  of  formation  AH^  of  ZnGeP2,  which  was  in  a  foregoing  paper 
[5]  inferred  from  thermochemical  calculations  using  vapor  pressure  data,  the  reaction  ZnP2  +  Ge 
was  measured  by  DTA.  The  heat  of  formation  inferred  from  these  experiments  was  -1 17.2(± 

12)  kJ/mole.  This  value  indicates  an  exothermic  contribution  due  to  the  ternary  compound 

formation  >  5%  compared  to  the  value  with  the  heat  of  formation  of  ZnP2  (AH^  =  -101 . 1(± 
4)kJ/mole. 

Conductivity  and  Photoluminescence  fPL')  Measurements 

All  samples  were  p-type  and  semi-insulating  (MQ  range).  In  general,  PL  measurements 
showed  a  broad  emission  peak  (fig.  5).  In  addition,  a  shoulder  at  the  high  energetic  side  of  the 
broad  band  emission  appeared  when  the  excitation  power  was  higher  than  50  mW.  This  shape  is  in 
agreement  with  the  findings  of  other  authors  [6].  The  large  full  width  half  maximum  of  this  broad 
emission  peak  points  to  the  presence  of  wide  acceptor  and  donor  bands  in  the  band  gap  which  are 
involved  in  the  radiative  recombination  of  excited  electron  hole  pairs.  To  verify  this  assumption  the 
influence  of  the  temperature,  the  excitation  power  and  the  excitation  energy  on  the  behaviour  of  the 
PL  peak  position  was  investigated.  Figure  6  shows  a  typical  series  of  curves  with  a  shift  of  the 
peak  maximum  first  to  higher  and  with  increasing  temperature  to  lower  energies.  From  figure  7  it 
can  be  concluded  that  this  tendency  only  persists  at  excitation  powers  higher  than  50  mW.  The 

peak  shift  does  not  follow  the  temperature  coefficient  9Eg/3T  of  the  direct  and  pseudodirect  band 
gap.  Therefore  it  was  concluded  that  the  emission  band  is  due  to  donor-acceptor  states  in  the  band 
gap,  the  recombination  energy  of  which  can  be  described  by  the  equation 

Ep  =  Eg  -  (Ea+Eb)  +  — ^ -  (2) 

47reoer  r 

where  Ep  is  the  maximum  of  the  PL  emission  peak.  Eg  the  band  gap  energy,  Ea  and  Eb  the 

acceptor  and  donor  binding  energies  and  Er  the  static  dielectric  constant.  The  last  term  in  equation 
(2)  describes  the  Coulomb  interaction  between  ionized  donor-acceptor  pairs  separated  by  the 
distance  r  on  the  emission  ener^.  Only  pairs,  the  distance  of  which  are  located  in  a  limited 
intervall  contribute  to  the  emission  peak.  The  shifts  of  Ep  to  higher  energies  with  increasing 
temperature  can  be  explained  with  the  migration  of  excited  carriers  to  more  favorate  positions  for 
radiative  recombination  which  have  a  small  r  value.  A  positive  temperature  coefficient  3Ep/3T  is 
observed.  If  the  excitation  intensities  are  too  small  only  D-A  pairs  of  larger  distance  r  can 
contribute.  The  temperature  coefficient  5Ep/3T  becomes  negative. 

In  the  temperature  range  from  80  to  195  K  at  excitation  energies  ranging  from  50  to  195  K  Ep 
shifts  to  smaller  energies  which  cannot  be  explained  by  a  negative  temperature  coefficient  OEg/OT 
alone.  Under  the  assumption  that  the  D-A  pairs  consist  of  a  shallow  and  a  deep  state  it  can  be 
concluded  that  thermal  ionization  of  the  shallow  states  occurs  with  increasing  temperature  which 
cannot  longer  contribute  to  radiative  emission.  Analysing  the  emission  intensity  as  a  function  of 
temperature  it  was  concluded  that  the  shallow  states  are  related  to  acceptors.  By  evaluation  of  the 
Ep  vs.  Ig  Pex  -plot  using  the  equation 

Ep  =  Ep^,  +  p  lg(Pex/Pexo)  (3) 

the  p- values  obtained  amount  to  18,  38.6  and  47.7  meV.  Comparing  these  values  with  other 
compound  semiconductors  of  chalcopyrite  type  structure  their  size  supports  again  the  proposed 
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defect  model  and  is  also  in  agreement  with  the  high  compensation  level  of  the  melt  grown  iZnGcP2 
crystals. 

The  low  transparency  of  the  crystal  wafers  which  remain  dark  even  at  a  thickness  of  100  p.m 
supports  this  result. 


CONCLUSIONS 

ZnGeP2  grown  by  horizontal  gradient  freezing  from  the  melt  is  highly  compensated.  In  DTA 
measurements  ZnGeP2  exhibits  a  truly  congruent  melting  point  of  131 1  K.  No  solid-solid  phase 
transitions  could  be  resolved  in  the  DTA  traces.In  the  band  gap  shallow  acceptor  and  deep  donor 
states  dominate  the  PL  behaviour.  From  the  thermal  dissociation  behaviour  of  the  compound  where 
zinc  and  phosphorous  will  be  released  it  can  be  concluded  that  the  high  compensation  level,  the 
low  transparency  and  the  broad  PL  emission  is  due  to  zinc  and  phosphorous  vacancies  in  the 
ZnGeP2  lattice. 

REFERENCES 

1.  A.S.  Borshchevskii,  and  T.M.  Shantsovoi,  Inorg.  Chem.  11,  1853  (1975). 

2.  S.  Fiechter,  R.H.  Castleberry,  N.  Dietz  and  K.J.  Bachmann  in  7th  Int.  Symposium  on 
Experimental  Methods  for  Microgravitv  Materials  Science,  edited  by.  R.A.  Schiffmann  and  J.B. 
Andrews  (TMS,  1995)  pp.  55-68. 

3.  J.  Osugi,  R.  Namikawa  and  Y.  Tanaka,  Rev.  Phys.  Chem.  Jpn.  37,  81  (1967). 

4.  E.  Buehler,  J.H.  Wemick  and  J.D.  Wiley,  J.  Electron.  Mater.  2,  796  (1973). 

5.  S.  Fiechter,  R.H.  Castleberry,  G.  Wood  and  K.J.  Bachmann  in  6th  Int.  Symposium  on 
Experimental  Methods  for  Microgravitv  Materials  Science,  edited  by  R.A.  Schiffmann  and  J.B. 
Andrews  (TMS,  1994)  pp.93-100. 

6.  N.  Dietz,  I.  Tsveybak,  W.  Rudermann,  G.  Wood  and  K.J.  Bachmann,  Appl.  Phys.  Lett.65, 
2759  (1994);  see  also  contribution  07.7  of  this  conference  and  references  therein. 


320 


COMPOSITION  OF  THE  EQUILIBRIUM  VAPOR  PHASE  OVER  ZnGeP2 
AND  THERMAL  STABILITY 


S.  HECHTER  A.  KURZWEIL*,  R.H.  CASTLEBERRY  **  AND  K.J.  BACHMANN  ** 
*Depaitment  of  Solar  Energetics,  Hahn  Meitner  Institute,  Glienicker  Str.  100,  D-14109  Berlin, 
Germany,  fiechter@hmi.de 

**Department  of  Materials  Science  &  Engineering,  North  Carolina  State  University, 

Raleigh,  NC  27695-7919 


ABSTRACT 

ZnGeP2  can  be  transported  by  chemical  vapor  transport  (CVT)  using  phosphorus  or  ZnP2  as 
transporting  agent.  Since  germanium  has  a  seven  order  of  magnitude  smaller  partial  pressure  than 
zinc  and  phosphorus  solely  the  formation  of  a  volatile  GePy  (y>l)  species  can  explain  the  CVT- 
growth  which  was  observed  in  a  temperature  range  from  973  to  1573  K.  To  stabilize  this  species 
phosphorus  pressures  in  the  bar  range  are  needed.  Using  absorption  spectroscopy  to  analyze  the 
equilibrium  vapor  phase  composition  over  P,  GeP  and  ZnGeP2,  absorption  lines  were  found 
adjacent  to  P2  band  heads  in  the  wavelength  range  from  180  to  260  nm  which  were  addressed  as 
band  heads  of  an  unknown  GePy  species.  Quadrupole  mass  spectroscopy  (QMS)  measurements 
revealed  that  this  species  is  not  stable  at  lower  pressures  decomposing  presynthesized  GeP  and 
ZnGeP2  in  a  Knudsen  cell.  In  the  temperature  range  from  550  to  800  K  at  total  pressures  of  lO'^ 
to  10'^  mbar,  ZnGeP2  decomposes  into  Zn  and  P4  whereas  Zn  is  the  dominant  gas  phase  sf^cies. 
Under  vacuum  ZnGeP2  starts  to  decompose  at  600  K  while  in  a  N2  atmosphere  decomposition 
occurs  at  923  K.  By  adding  ZnP2  (5mg/cm3)  to  polycrystalline  ZnGeP2,  which  was  placed  in  an 
evacuated  and  closed  quartz  glass  ampoule,  red  transparent  crystals  were  yielded  in  a  temperature 
gradient  AT  =  1073-1023  K. 

INTRODUCTION 

Among  the  I-III-VI2  and  II-IV-V2  chalcopyrites  ZnGeP2  shows  the  highest  transparency  range 
(0.67  -  12  pm)  combined  with  a  relatively  high  second  order  susceptibility  tensor  component  (dae 
=  75  pmA/)  and  a  positive  birefringence  of  0.36%.  Therefore,  the  material  is  suited  for  non-linear 
optical  devices  such  as  optical  parametric  oscillators.  However,  high  quality  materid  can  only  be 
obtained  when  the  growth  conditions  are  very  well  controlled.  The  formation  of  point  defects  in 
high  concentrations  can  dramatically  decrease  transparency.  Therefore,  the  equilibrium  pressure 
over  the  growing  crystal  has  to  be  adjusted  very  precisely.  This  is  the  more  difficult  the  higher  the 
growth  temperature  is,  e.g.  growing  ZnGeP2  from  the  melt  at  an  equilibrium  vapor  pressure  of 
~  3.5  bar.  With  increasing  temperature  the  homogeneity  range  also  increases.  For  that  reason,  the 
growth  temperature  should  be  as  low  as  possible  to  obtain  crystals  of  high  transparency.  Red 
transparent  crystals  can  be  grown  by  CVT  employing  phosphorus  as  transporting  agent  [1].  Xing 
et  al.  [2]  have  shown  that  by  metal  organic  chemical  vapor  deposition  (MOCVD)  highly  conduc¬ 
tive,  p-type  films  can  be  epitaxially  deposited  on  001 -oriented  GaP  substrates  using  germane, 
phosphine  and  dimethyl  zinc  as  precursors.  The  type  of  conductivity  is  caused  by  gemianium 
antisites.  Kataev  et  al.  [3]  grew  homoepitaxial,  p-type  layers  on  112-,  100-  and  OOl-oriented 
ZnGeP2  substrates  using  ZnCl2  as  transporting  agent.  The  layers  crystallized  in  the  chalcopyrite 
lattice  but  had  unusual  high  concentrations  of  Ge  and  Zn.  Analyzing  phase  purity  and  composition 
of  CVT-grown  1 12-oriented  ZnGeP2  crystals  employing  phosphorus  or  zinc  diphosphide  as  trans¬ 
porting  agent  this  method  appears  suited  to  produce  stoichiometric  material  of  high  transparency. 
Since  germanium  possesses  a  far  too  low  vapor  pressure  an  unknown  GePy  gas  species  has  to  be 
assumed  to  explain  the  transport  rates  observed  (<  3  mg/h). 

In  this  paper  we  describe  the  conditions  under  which  this  unknown  species  is  stable  and 
investigate  the  temperature  range  in  which  CVT  can  be  obtained.  The  aim  of  this  work  is  to  identify 
the  conditions  for  a  heteroepitaxial  growth  of  ZnGeP2  (ao=  5.469  A,  c/a=  1.959)  on  a  Si  substrate 
(a„=  5.451  A). 
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EXPERIMENT 

Optical  Absorption  Spectroscopy 

In  this  work  we  used  optical  absorption  spectroscopy  to  distinguish  between  different  gas 
species  over  P(red),  ZnP2,  GeP  and  ZnGeP2.  The  setup  to  measure  the  absorption  bands  is 
illustrated  in  figure  1.  A  two  zone  furnace  with  integrated  isothermal  furnace  liners  provided  a 
unifomi  temperature  profile  for  the  quartz  glass  cuvettes  employed  (50  and  100  mm  length  and  10 
mm  diameter).  To  overcome  the  so-called  schlieren  effect,  which  contributes  to  the  noise  level  of 
the  measurement  by  air  turbulences  in  the  heated  furnace  core,  the  cuvettes  to  be  measured  were 
placed  between  two  empty  quartz  glass  cuvettes.  About  50  mg  of  the  substances  were  filled  into 
the  evacuated  and  sealed  sample  cuvettes.  Light  of  a  xenon  lamp  was  guided  through  the  quartz 
glass  cuvettes  and  focused  onto  the  entrance  slit  of  a  monochromator  using  UV-gradc  quartz 
lenses.  The  light  intensity  was  detected  by  a  photomultiplier  tube.  More  details  are  given  in  ref. 

[4]. 

Mass  Spectrometry 

The  experimental  setup  is  shown  in  figure  2.  A  Knudsen  cell  made  from  stainless  steel  with  an 
orifice  of  300  pm  was  filled  with  P,  GeP  and  ZnGeP2  (20-50  mg),  respectively.  The  effusion  cell 
was  heated  by  a  shielded  resistance  heater  and  the  temperature  was  controlled  by  a  NiCr/Ni 
thermocouple.  The  highest  temperature  applied  was  1000  K.  The  vapor  species  formed  by 
decomposition  of  the  precursors  were  analysed  by  a  quadrupole  mass  spectrometer  (Balzers 
QMS  420)  in  cross  beam  configuration.  The  pressure  in  the  chamber  ranged  from  lO""^  to 
10*5  mbar  corresponding  to  the  temperature  of  the  material  in  the  effusion  cell. 

Thermal  Stability 

Thermal  stability  was  studied  using  a  Netzsch  Simultaneous  Thermal  Analysizer  STA  409 
equipped  with  a  thermobalance.  Starting  material  was  stoichiometric  ZnGcP2.  The  total  amount  per 
run  ranged  from  50  to  100  mg.  The  samples  were  placed  in  AI2O3  crucibles  and  heated  under  N2 
(p  =  1  bar,  flow  rate  =  100  seem)  as  high  as  1523  K  using  a  heating  rate  of  5  K/min.  As  internal 
standard  the  a  p  transition  of  quartz  at  846  K  was  used  as  temperature  reference. 

CVT-ExperimenLs 

3  g  pre-synthesized  GeP  and  ZnGeP2  samples  were  posed  in  evacuated  and  sealed  quartz  glass 
ampoules  (1  =  100  mm,  0  =  30  mm)  adding  P  or  ZnP2  (2: 5  mg/cm^).  The  ampoules  were  placed 
in  two  zone  furnaces  and  a  vertical  temperature  gradient  was  applied  (ZnGcP2:  AT  =1073-1023  K; 
GeP:  AT  =  873-773  K). 


RESULTS  AND  DISCUSSION 

Absorption  Spectroscopy  and  Mass  Spectrometry 

Screening  the  wavelength  range  from  150  to  1400  nm,  absorption  lines  were  only  detected  in 
the  range  froni  180  to  270  nm.  The  detailed  band  positions  were  described  in  ref.  [4].  Figure  3 
shows  the  positions  of  absorption  band  heads  which  were  attributed  to  an  unknown  GePy  gas 
species  in  the  equilibrium  vapor  phase  over  ZnGeP2.  These  positions  were  obtained  by  carefully 
comparing  the  absorption  band  heads  in  the  vapor  phases  over  GeP,  ZnP2,  P(red)  and  ZRGe?2. 
Since  nothing  is  known  about  the  geometry  of  GePy  gas  species  in  the  literature  the  unidentified 
UV-spectrum  was  compared  with  the  spectra  of  P2  and  other  Ge  bearing  gas  species  such  as  GcO 
and  GeS  [5].  GeS  and  P2  have  absorption  bands  in  the  same  waveleng^  range  as  GePy.  It  is 
interesting  to  note  that  P4  molecules  did  not  show  absorption  lines  in  our  measurements  which 
were  different  from  P2  band  heads  although  P4  was  dominant  in  the  vapor  phase  as  QMS  measure¬ 
ments  elucidated.  Investigating  the  mass  spectrum  of  the  vapor  phase  over  ZnGcP2  at  673  K 
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Figure  1.  Experimental  set-up  to  measure  the  optical  absorption  of 
the  equilibrium  vapor  phases  over  ZnGeP2,  ZnP2,  GeP  and  P(red). 


(figure  4)  only  the  isotopic  distribution  of  Zn"*"  and  p4‘^  were  detected.  The  relatively  high  intensity 
of  the  Zn-lines  points  to  fact  that  under  annealing  conditions  -  which  can  improve  the  transparency 
of  ZnGeP2  remarkably  [6]  -  preferably  zinc  will  be  released. 

The  QMS  measurements  of  GeP  samples  merely  exhibited  the  lines  of  the  ionized  phosphorus 

species  P4''‘,  P2'‘',  P3'*'  andP4''‘.  This  result  indicates  that  the  proposed  GePy  gas  species,  which  is 
in  demand  to  explain  CVT  of  ZnGeP2,  is  only  stable  at  high  pressures. 


CVT-Experiments  and  thermal  stability  of  ZnGePo 


CVT  of  GeP  was  studied  in  a  temperature  gradient  ranging  from  873  to  823  K.  The  formation 
of  a  black  GeP  film  in  the  colder  part  of  the  ampoule  was  noticed  in  a  phosphorus  rich  atmosphere 
within  3  days.  This  phenomenon  was  first  described  by  Zumbusch,  Heimbrecht  and  Biltz  in  1939 
[7].  The  experiment  unequivocally  demonstrates  the  existance  of  a  GeP  containing  gas  species. 
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Figure  2.  Experimental  set-up  to  study  the  vapor 
phase  composition  by  quadrupole  mass  spectro¬ 
scopy.  The  gas  molecules  were  generated  using 
a  Knudsen  cell. 
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Figure  3.  Absorption  lines  in  the  vapor 
phase  over  ZnGeP2  attributed  to  the  gas 
species  GePy. 
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Figure  4.  Mass  spectrum  of  the  vapor  phase  over  ZnGeP2. 
At  low  pressures  the  vapor  phase  consists  of  Zn  and  P4. 
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Flat,  1 12-oriented,  red  transparent  ZnGeP2  crystals  formed  within  3  days  using  ZnP2  as 
transporting  agent  when  the  transport  temperature  was  higher  than  973  K.  First  experiments  with 
1 1 1 -orient^  Si  wafers  showed  film  formation  and  the  growth  of  truncated  ZnGeP2  pyramids  of 
mm-size  on  the  substrates.  A  simplified  transport  equation  can  be  formulated  as  follows: 

ZnGeP2  (s)  «  Zn  (g)  +  (l-x)/y  GePy  (g)  +  0.25(l+x)  P4  (g)  (1). 
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The  material  starts  to  decompose  at  973  K. 


CONCLUSIONS 

CVT-experiments  with  ZnGeP2  and  GeP  and  absorption  measurements  of  their  vapor  phases 
indicate  the  presence  of  a  germanium  phosphide  gas  species.  Analysis  by  mass  spectrometry 
showed  that  the  gass  species  released  from  a  Knudsen  cell  at  723  K  charged  with  ZnGeP2  consists 
of  Zn  and  P4  only.  Gaseous  GePy  could  not  be  detected  in  the  vapor  phase  by  QMS  measure¬ 
ments.  The  phosphorus  pressure  in  the  Knudsen  cell  was  orders  of  magnitude  lower  in  compari¬ 
son  with  CVT  experiments.  Therefore,  we  conclude  that  the  proposed  GePy  species  is  stable  at 
high  phosphorus  pressures  only.  The  growth  of  transparent  red  ZnGeP2  crystals  was  observed 
when  ZnP2  was  added  to  the  growth  system. 
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ABSTRACT 

Electron  paramagnetic  resonance  (EPR)  has  been  used  to  monitor  native  defects,  both  accep¬ 
tors  and  donors,  in  ZnGeP2  crystals  grown  by  the  horizontal  gradient  freeze  technique.  These 
active  centers  include  singly  ionized  zinc  vacancies  ( V2^),  neutral  phosphorus  vacancies  ( Vp®), 
and  neutral  phosphorus  antisite  defects  (P(^).  The  concentration  of  Vz„  acceptors  correlates 
with  the  near-infrared  optical  absorption  present  in  all  ZnGeP2  crystals.  A  photoluminescence 
band  near  1.4  eV  is  shown  to  be  polarized  and  is  attributed  to  donor-acceptor-pair  (DAP)  re¬ 
combination.  Preliminary  time-decay  measurements  support  this  assignment.  Observation  of  the 
EPR  spectrum  of  Mn2+  is  also  reported. 

INTRODUCTION 

In  recent  years,  considerable  progress  has  been  made  in  the  growth  of  high-quality  zinc 
germanium  phosphide  (ZnGeP2)  crystals  for  use  in  frequency  conversion  applications  in  the  mid- 
infrared.  A  suitable  birefringence,  a  large  nonlinear  optical  coefficient,  and  good  thermal  con¬ 
ductivity  make  this  material  an  excellent  choice  for  optical  parametric  oscillators  (OPOs)  tunable 
in  the  3  to  9  pm  region.  However,  before  ZnGeP2  can  acWeve  its  full  potential,  a  broad  defect- 
related  absorption  band  extending  from  0.7  to  2.5  pm  must  be  eliminated.  This  unwanted  ab¬ 
sorption  band  overlaps  the  desirable  2-pm  pump  region  for  mid-infrared  OPOs  and  thus  limits 
the  maximum  pump  intensity  that  can  be  used  in  these  devices.  Several  post-growth  methods  to 
reduce  this  absorption  have  been  investigated,  including  lengthy  thermal  anneal,  high-energy 
electron  irradiation  [1],  and  gamma-ray  irradiation  [2].  These  treatments,  although  helpful,  have 
not  eliminated  the  absorption  problem  in  ZnGep2. 

Nearly  all  of  the  ZnGeP2  crystals  described  in  the  literature  have  been  highly  compensated, 
thus  indicating  nearly  equal  concentrations  of  donors  and  acceptors.  There  are  two  competing 
explanations  for  the  nature  of  these  donors  and  acceptors.  One  approach  is  to  assume  these  de¬ 
fects  arise  from  disorder  on  the  zinc  and  germanium  sublattices,  i.e.,  a  zinc  antisite  defect  would 
be  an  acceptor  and  a  germanium  antisite  would  be  a  donor.  An  alternate  approach  is  to  assume 
that  the  donors  and  acceptors  are  vacancy  centers.  Magnetic  resonance  techniques  such  as  EPR, 
ENDOR,  and  ODMR  make  use  of  hyperfine  interactions  to  identify  specific  defect  models  and 
thus  can  help  to  determine  whether  cation  disorder  or  vacancies  dominate  in  ZnGeP2.  Thus  far, 
the  zinc  vacancy  ( Vz'^)  [3],  the  phosphorus  vacancy  (Vp®)  [4],  and  the  phosphorus  antisite  (P^J) 
[5]  have  been  detected  by  EPR. 

EXPERIMENT 

The  ZnGeP2  crystals  used  in  the  present  investigation  were  grown  by  the  horizontal  gradient 
freeze  technique  at  Sanders,  a  Lockheed  Martin  Company.  Small  samples  with  approximate  di¬ 
mensions  of  3  X  3  X  3  mm3  ^vere  cut  from  larger  boules.  They  had  faces  perpendicular  to  the 
high  symmetry  directions.  The  EPR  data  were  taken  on  a  Bruker  ESP-300  spectrometer  operat- 
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ing  at  9.45  GHz  and  equipped  with  an  Oxford  Instruments  helium-gas-flow  cryostat  for  low 
temperature  studies.  Slots  in  the  EPR  microwave  cavity  allowed  optical  access  to  the  samples. 
In  the  photoluminescence  (PL)  measurements,  both  cw  (S14.5-nm  argon  laser)  and  pulsed  (532- 
nm  frequency-doubled  Nd:YAG  laser)  excitation  were  used.  The  PL  signals  were  detected  with 
an  Instruments  SA  HR-640  monochromator  and  a  photomultiplier  tube  with  a  GaAs(Cs)  cath¬ 
ode.  For  cw  excitation,  the  incident  beam  was  chopped  and  phase-sensitive  detection  was  used. 
Time-decay  data  were  recorded  using  a  Tektronix  (TDS  684A)  digital  oscilloscope. 


RESULTS 

EPR  shows  the  presence  of  two  domi¬ 
nant  native  defects,  a  zinc  vacancy  and  a 
phosphorus  vacancy,  in  all  of  the  ZnGeP2 
samples  grown  by  the  horizontal  gradient 
freeze  technique.  The  singly  ionized  zinc 
vacancy  acceptor  (V2I,)  is  paramagnetic  (S 
-  ‘/a)  and  is  easily  seen  without  photoexcita¬ 
tion  at  temperatures  below  50  K  [3].  The 
unpaired  spin  is  shared  nearly  equ^ly  by 
two  phosphorus  nuclei  (I  =  ‘/a,  100%  ^un- 
dant),  which  gives  rise  to  triplets  (1:2:1  line 
intensity  ratios)  in  the  EPR  spectra,  as 
shown  in  Fig.  1(a).  This  spectrum  was  taken 
with  the  magnetic  field  along  the  ciystal's  c 
axis,  i.e.,  the  four  possible  crystallographic 
sites  are  magnetically  equivalent.  ENDOR 
has  provided  information  about  the  lattice 
distortion  surrounding  this  defect  [6],  and 
has  led  to  its  assignment  as  Vz;.  This  de¬ 
fect  is  present  with  slightly  varying  concen¬ 
trations  (on  the  order  of  10*^-1020  cm‘3)  in 
all  samples  studied. 

Several  additional  intrinsic  defects  in 
ZnGeP2  can  be  observed  during  photoexci¬ 
tation.  Laser  excitation  changes  the  valence 
of  donors  and  acceptors,  thus  converting 
non-paramagnetic  defects  into  paramagnetic 
forms.  For  example,  phosphorus  vacancies 
in  ZnGep2  are  present  as  singly  ionized  do¬ 
nors  (Vp ),  but  it  is  their  neutiil  state  (Vj) 
which  is  paramagnetic  [4].  These  latter 
centers  are  observed  by  illuminating  the 
samples  with  above-band-gap  (514.5  nm)  or 
below-band-gap  (632.8  nm)  light  at 
temperatures  below  10  K.  Even  at  these  low 
temperatures,  the  neutral  state  is  not  stable 
and  decays  back  to  the  singly  ionized  form 
in  a  matter  of  seconds  or  less.  The  EPR 
spectrum  from  the  neutral  phosphorus  va¬ 
cancy  shows  no  hyperfine  structure,  indicat¬ 
ing  the  unpaired  spin  does  not  strongly  inter¬ 
act  with  phosphorus  neighbors.  This  defect 
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Figure  1.  EPR  spectra  from  (a)  singly  ion¬ 
ized  zinc  vacancies,  (b)  neutral  phos¬ 
phorus  vacancies,  V^,  and  (c)  neutral  phos¬ 
phorus  antisite  defects,  P(^. 
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is  usually  observed  at  concentrations  comparable  to  that  of  the  zinc  vacancies.  The  EPR  spec¬ 
trum  of  die  center  is  shown  in  Fig,  1(b). 

Another  native  paramagnetic  defect,  the  phosphorus  antisite,  is  not  usually  seen  in  ZnGeP2 
samples  grown  by  the  horizontal  gradient  freeze  technique.  However  a  recently  grown  sample 
did  reveal  a  significant  concentration  of  this  donor.  Kaufmann  et  al.  [5]  initially  reported  the 
presence  of  P(J.  centers  during  photoexcitation  at  low  temperatures.  Figure  1(c)  shows  the  EPR 
spectrum  of  the  P^J  taken  from  our  recently  grown  ZnGeP2  sample.  This  spectrum  exhibits  a 
large  hyperfine  splitting  (about  750  G)  with  the  central  phosphorus  nucleus  and  smaller  ligand 
hyperfine  interactions  wi^  the  four  nearest  phosphorus  neighbors.  We  can  observe  this  spectrum 
at  temperatures  as  high  as  40  K,  at  which  point  the  neutral  charge  state  of  the  donor  becomes 
unstable  and  converts  back  to  its  singly  ionized  form.  This  phosphorus  antisite  spectrum  has 
only  been  present  in  one  of  the  samples  grown  at  Sanders,  and  for  this  reason  it  is  not  expected  to 
play  a  major  role  in  explaining  the  origin  of  the  near-edge  absorption  in  ZnGeP2. 

The  optical  absorption  extending  from  0.7  to  2.5  pm  in  ZnGeP2  is  commonly  assumed  to  be 
due  to  point  defects.  Figure  2  shows  this  near-edge  optical  absorption  from  four  different 
ZnGeP2  samples.  Also,  EPR  data  from  two  of  the  samples  are  included  in  the  figure.  The  EPR 
spectra  shown  are  from  singly  ionized  zinc  vacancies  (V2i,),  and  their  relative  intensities  corre¬ 
late  well  with  the  observed  optical  absorption.  These  results  strongly  suggest  that  the  zinc  va¬ 
cancy  acceptors  play  a  direct  role  in  the  optical  absorption  phenomenon.  Although  not  shown, 
large  concentrations  of  phosphorus  vacancy  donors  were  also  present  in  these  samples.  We  con¬ 
clude  that  the  optical  absorption  is  most  likely  due  to  several  overlapping  bands  arising  fi-om  an 
acceptor-to-donor  transition  and  band-to-defect  transitions.  Support  for  this  view  comes  from  PL 
studies. 
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Figure  2.  Correlation  of  near-edge  optical  absorption  and  zinc  vacancy  concentration  as  meas¬ 
ured  by  EPR. 
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Results  of  photolumincscence 
experiments  help  to  further  connect 
these  defects  seen  by  EPR  to  the 
near  infrared  absorption.  While  PL 
spectra  in  ZnGePj  are  often  complex 
[7],  measurements  taken  on  our  sam¬ 
ples  indicate  only  two  dominant 
emission  bands  at  low  temperature. 
Figure  3(a)  shows  PL  spectra  taken 
at  4.8  K  with  a  polarizer  placed 
parallel  and  perpendicular  to  the 
crystal  c  axis.  These  spectra  have 
been  corrected  for  the  polarization 
response  of  the  detection  system. 
Subtracting  one  polarization  from 
the  other  allowed  us  to  decompose 
the  spectrum  into  two  overlapping 
bands.  One  band  is  partially 
polarized  along  the  c  axis  of  the 
crystal  (the  1.42  eV  band  in  Fig. 
3(b))  and  the  other  band  is  unpolar¬ 
ized  (the  1.62  eV  band  in  Fig.  3(c)). 
A  possible  explanation  for  the  two 
bands  is  two  distinct  donor-acceptor- 
pair  (DAP)  recombinations.  Such  a 
model  is  not  considered  likely  since 
EPR  data,  thus  far,  have  revealed  the 
existence  of  only  one  dominant 
donor  (V^)  and  one  dominant 
acceptor  (Vzj,)  in  our  samples.  It  is 
more  likely  that  one  of  the  observed 
bands  is  DAP  (i.e.,  the  1.42-eV 
band)  and  the  other  is  a  band-to- 
impurity  transition,  i.e.,  an  (e,A)  or 
(D,h)  transition.  Since  the  PL 
spectra  shown  in  Fig.  3(a)  are  also 
observed  with  below-band-gap  light 
(632.8  nm),  we  suggest  that  the 
1 .62-eV  emission  is  donor-hole 
(D,h)  recombination.  We  find  that 
the  emission  and  optical  absorption 
exhibit  the  same  polarization 
behavior  and,  furthermore,  our  PL 
polarization  study  is  at  variance  with 
the  report  of  McCrae  et  al.  [8]. 

From  our  EPR  and  PL  results, 
we  construct  an  energy-level 
diagram  in  Fig.  4  using  a  single- 
donor/single-acceptor  model  where 
Vz;  and  Vp  are  the  dominant 
acceptor  and  donor  defects.  We 
have  earlier  suggested  that  a 
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Figure  3.  Photoluminescence  of  ZnGeP2  measured 
at  4.8  K.  (a)  Spectra  measured  with  emitted  light 
polarized  perpendicular  and  parallel  to  the  crystal's 
c  axis.  These  spectra  are  seiMirated  into  a  polarized 
part  (b)  and  an  unpolarized  part  (c). 
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significant  DAP  emission  occurs  near  1.4  eV  at  liquid-helium  temperature,  and  this  is  illustrated 
in  the  figure.  Donor-hole  transitions,  previously  assigned  to  an  emission  near  1 .6  eV,  are  also 
illustrated  in  the  figure.  The  optical  absorption,  which  limits  device  performance,  peaks  near  1 
pm  (1 .2  eV)  at  room  temperature,  as  shown  in  Fig.  2.  A  portion  of  this  optical  absorption  can  be 
attributed  to  the  transitions  from  the  acceptors  to  the  donors.  The  room  temperature  absorption 
and  the  low  temperature  emission  peaks  do  not  directly  coincide,  but  this  is  explained  in  large 
part  by  a  -0.1  eV  change  in  band  gap  with  temperature.  Additional  transitions  from  the  valence 
band  to  the  donors  and  from  acceptors  to  the  conduction  band  may  be  contributing  to  the  high- 
energy  side  of  the  observed  broad  optical  absorption.  Likewise,  transitions  from  valence  band 
states  to  neutral  acceptors  may  give  rise  to  absorption  in  the  region  beyond  2  pm. 
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Figure  4.  Energy-level  diagram  based  on  two  dominant  native  defects. 


A  preliminary  investigtion  of  the  time-decay  behavior  of  the  PL  bands  has  been  completed. 
Figure  5  shows  Ae  data  obtained  by  monitoring  the  DAP  emission  at  1 .42  eV  after  an  8-ns,  532- 
mn  excitation  pulse.  Because  of  the  low  intensity  of  the  emitted  light,  1000  decays  were 
accumulated.  The  decay  occurs  over  a  time  window  extending  out  to  approximately  20  ps  and 
can  not  be  fit  by  a  single  exponential.  These  results  support  our  previous  assignment  of  this 
emission  of  DAP  recombination  in  an  indirect-gap  semiconductor.  We  also  measured  the  decay 
of  the  PL  occurring  at  1.62  eV  and  found  a  similar  dependence  on  time. 
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Figures.  Time  decay  of  the 
DAP  emission  at  1.42  eV. 
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EPR,  ENDOR,  PL,  and 
time-resolved  PL  are  well 
suited  to  study  defects  in 
ZnGeP2.  Their  usefulness, 
however,  is  not  restricted  to 
studying  native  defects.  Sub¬ 
stitutional  manganese  was 
reported  by  Baran  et  al.  [9], 
and  we  have  recently  "redis¬ 
covered"  this  defect  in  material 
grown  by  the  horizontal  gradi¬ 
ent  freeze  technique.  A  careful 
analysis  of  the  Mn2+  EPR 
spectrum,  shown  in  Fig.  6, 
yields  spin-Hamiltonian  para¬ 
meters  similar  to  those  repor¬ 
ted  by  Baran,  et  al.  The  defect 
is  an  S  =  5/2  system  interacting  with  an  I  =  5/2  nucleus  (100%  abundant).  A  small  crystal  field, 
due  to  the  crystal's  tetragonal  symmetry,  splits  the  spectrum  into  five  sets  of  six  lines.  The  three 
larger  lines  in  the  center  of  the  spectrum  in  Fig.  6  are  due  to  the  zinc  vacancy.  The  only  sample 
this  manganese  spectrum  has  been  seen  in  was  the  one  in  which  the  antisite  P^J  was  also 
observed.  This  piece  was  cut  from  the  end  of  a  boule,  indicating  a  possible  variation  in 
stoichiometry,  and  photoluminescence  studies  have  not  yet  been  performed  on  this  sample. 
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Figure  6.  EPR  spectrum  of  Mn^"*"  in  ZnGeP2. 
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Abstract 

Steady  state  and  time-resolved  photoluminescence  (PL)  investigations  on  ZnGeP2  crystals 
grown  from  the  vapor  phase  by  high  pressure  physical  vapor  transport  (HPVT)  and  from  the  melt 
by  gradient  freezing  (GF)  are  reported.  The  luminescence  spectra  reveal  a  broad  infrared 
emission  with  peak  position  at  1.2  eV  that  exhibits  features  of  classical  donor-acceptor 
recombination.  The  hyperbolic  decay  characteristic  over  a  wide  energy  range,  investigated  from 
1.2  eV  up  to  1.5eV,  suggest  that  this  broad  emission  band  is  related  to  one  energetic 
recombination  center.  Higher  energetic  luminescence  structures  at  1.6eV  and  1.7eV  were 
revealed  after  annealing  of  ZnGeP2  crystals  in  vacuum  for  a  longer  period  of  time.  The  emission 
decay  behavior  in  this  energy  range  is  characterized  by  two  hyperbolic  time  constants,  viewed  as 
the  supercomposition  of  the  decay  from  the  broad  emission  center  peaked  at  1.2eV  and 
additional  donor-acceptor  recombination  emissions  at  1.6eV  and  1.7eV,  respectively.  ZnGeP2 
crystals  grown  under  Ge-deficient  conditions  by  HPVT  show  an  additional  emission  structure  at 
1.8  eV  with  sharp  emission  fine  structures  at  1.778  eV  related  to  the  presence  of  additional  donor 
states. 

I.  Introduction 

Zinc  germanium  phosphide  with  a  pseudodirect  bandgap  of  ~2.1  eV  at  room  temperature[l] 
has  an  attractive  transparency  range[2]  from  670  nm  to  13  |im  and  a  relatively  large  second  order 
susceptibility  tensor  component  (d36=  75  pnW).  In  view  of  its  substantial  positive  birefringence 
of  0.36%,  ZnGeP2  as  a  suitable  material  for  non-linear  optical  applications  in  the  infrared,  e.g., 
the  fabrication  of  optical  parametric  oscillators  (OPO)  and  harmonic  generation  based  on 
powerful  infrared  laser  sources[3].  In  addition  to  these  and  other  applications  in  non-linear 
optics,  ZnGeP2  is  of  interest  in  the  context  of  nearly  lattice  matched  heteroepitaxy  of  compound 
semiconductors  on  silicon  (a[Si]  =  5.451  A,  a[ZnGeP2]  =  5.465  A,  c/a[ZnGeP2l  =  1.97)  at  room 
temperature  [4]. 

Recently  performed  steady-state  PL  studies  revealed  a  broad  emission  band  with  a  peak 
maxima  around  1.2  eV[5].  The  origin  of  this  broad  band  has  remained  ambiguous,  especially 
because  only  the  onset  of  this  emission  band  was  known  so  far.  The  reported  changes  in  the  high 
energetic  shoulder  were  investigated  as  a  function  of  composition.  The  observed  changes  in  the 
PL  spectra  due  to  annealing  or  slightly  off-stoichiometric  growth[6-8].  They  remain  still  valid, 
keeping  in  mind  that  the  observed  shifts  of  the  maxima  around  1 .3eV  might  be  caused  by  the 
cutoff  in  the  photomultiplier  assuming  an  intensity  variation  of  the  emission  peaked  at  1 .2eV. 

Even  so  little  is  known  about  the  defect  chemistry  of  ZnGeP2  at  present,  electron  paramagnetic 
resonance  (EPR)  measurements [9]  support  the  strong  relation  of  the  EPR-signal  with  an  acceptor 
band!  10]  and  constricted  the  possible  nature  of  the  defect  related  acceptor  band  to  be  either  Znoe 
sites  or  Vzn  vacancies.  From  photo-induced  EPR  results  on  as  grown  ZnGeP2  crystals,  the  deep 
PL  emission  is  attributed  to  D-A  transitions  associated  with  Vp-Vzn  pairs[l  1].  However,  photo- 
induced  EPR  only  probes  the  near-surface  region,  while  the  observed  optical  brightening  is  a 
bulk  effect.  In  our  previous  introduced  defect  related  energy  band  model[5],  we  assign  PL 
features  to  donor-acceptor  (DA)  recombination  processes.  In  a  DA  recombination  process,  after 
generation  of  electron-hole  pairs,  the  electrons  and  holes  are  captured  by  ionized  donors  and 
acceptors.  Carriers  localized  at  neutral  donors  and  acceptors  separated  by  a  distance,  r,  may 
recombine  radiatively  emitting  photons  with  an  energy  of  [12] 
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hv=Eo-(Eo  +  EO  +  ^-y4  (') 

V  r  c  I 

where  En  is  the  band  gap  energy,  En  and  E/^  the  donor  and  acceptor  binding  energies,  e  the 
static  dielectric  constant  and  a  the  efrective  van  der  Walls  coefficient.  For  very  close  pairs,  the 
last  term  of  Equ.  (1)  results  in  a  series  of  sharp  emission  lines.  However,  a  large  amount  of 
statistically  distributed  closely  spaced  pairs  may  broaden  or  even  suppress  the  discrete  emission 
lines  due  to  random  strain. 

Results  and  Discussion 

The  energy  resolved  steady-state  PL  data  in  the  energy  range  from  0.7  eV  up  to  2.5  eV  were 
obtained  using  a  combination  of  two  liquid-N2  cooled  detectors,  a  GalnAs  photomultiplier  tube 
(PMT)  and  a  Ge  diode  in  conjunction  with  a  0.5  m  single-grating  monochromator.  The  excitation 
was  accomplished  by  an  Ar  laser  with  excitation  energies  of  2.7  eV  {X  =  457.8nm),  2.54  eV  (Xs 
488  nm)  and  2.4  eV  (X  =  514.8  nm)  excitation  lines.  The  system  respons  of  the  PMT  was 
corrected  to  allow  the  combination  of  the  two  spectra,  which  is  essenti^  since  the  decreasing 
response  of  the  PMT  below  1.3  eV  results  in  a  false  peak  position  of  the  infrared  luminescence 
near  1.3  eV.  Time-resolved  PL  data  were  obtained  by  a  time-correlated  single-photon  counting 
technique.  The  excitation  energy  was  varied  by  a  XeCl  pumped  (Eximer  laser  X  =  308  nm)  Dye 
laser  system,  Lamda  EMG53MSC,  in  the  wavelength  range  460-510  nm  (Coarinl02).  The  output 
of  the  Dye  laser  was  controlled  by  neutral-filters  with  an  incident  power  between  100  mW  and 
3Watt  and  repetition  rates  between  200Hz  and  of  50Hz,  respectively.  The  pulse  width  is  in  the 
order  of  18ns.  The  resulting  luminescence  was  collected  and  focused  in  a  double  monochromator 
and  detected  with  an  S-1  PMT.  In  lack  of  fast  response  detectors  in  the  infrared  region  below  1.2 
eV,  the  time  dependence  of  the  luminescence  is  carried  out  only  in  the  energy  range  from  1.2eV 
up  to  1.8  eV. 

Figure  1  shows  a  typical  PL  spectrum  for  an  as-grown  ZnGePi  cut  from  a  bulk  single  crystal 
grown  by  the  gradient  freezing  (GF)  method.  The  spectrum  is  build  up  from  two  PL  spectra 
taken  with  a  PMT  (1 .2  eV  up  to  2.5  eV)  and  a  Gc-diode  (0.7  eV  up  to  1 .3  eV). 


Figure  1: 

Photoluminescence  spectrum 
of  bulk  ZnGcP2  crystal 
wafers  that  are  cut  from  a 
crystal  grown  by  gradient 
freezing  method. 


photon  energy  (eV) 

In  the  energy  range  from  1.0  eV  up  to  2.0  eV  the  spectrum  is  corrected  with  that  of  the  PMT 
and  die  Ge-di(^e  response  function.  Below  1.0  eV  no  correction  function  for  the  monochromator 
and  Ge  diode  response  was  available.  Thus  PL  spectrum  is  dominated  by  the  emission  peak  at 
1.2eV  with  two  high  energetic  shoulders  around  1.58  eV  and  1.68  eV.  The  luminescence  of  all 
ZnGeP2  samples  show  a  very  strong  temperature  dependence  and  no  luminescence  is  detected  at 
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room  temperature.  Figure  2  shows  the  temperature  dependence  of  the  PL  spectrum  for  a  ZnGeP2 
bulk  crystal.  With  increasing  temperature  the  high  energetic  emission  around  1.6  eV  and  1.7  eV 
decreases  rapidly  leaving  at  100  K  the  1.3  eV  emission  as  dominant  feature.  The  time 
dependence  of  the  observed  emission  structures  in  bulk  crystals  is  shown  in  Figure  3.  The  spectra 
are  obtained  with  a  Sl-PMT  in  the  single-photon  counting  mode  and  are  not  corrected  with  the 
PMT  response  characteristic.  The  upper  curve  in  fig.  3  shows  the  emission  spectrum  of  an 
annealed  ZnGeP2  crystal  taken  without  a  time  window.  The  emission  spectrum  obtained  in  the 
time  window  from  0  to  100  ^ts  mainly  consists  of  the  high  energetic  emission  structure  at  1.68 
eV  with  a  small  contribution  around  1.3- 1.4  eV.  The  emission  spectra  taken  in  the  time  windows 
0.1 -2ms,  2- 18ms  and  18-65ms  show  only  one  emission  contribution  with  a  constant  peak 
maximum  around  1.3eV. 


Figure  2; 

Temperature  dependence  of 
the  emission  of  a  ZnGeP2 
bulk  crystal. 


This  suggests  that  the  broad  emission  structure  at  1 .3  eV  is  correlated  to  one  transition  center. 
Note,  that  the  peak  maximum  position  is  falsed  by  the  cutoff  edge  of  the  PMT,  as  indicated  in 
fig.  1.  The  decay  character  analyzed  in  the  energy  range  of  1.2eV  to  1.9  eV  is  shown  in  Fig.  4  in 
a  double  logarithmic  plot  for  the  emission  at  1.326  eV,  1.45  eV,  1.574  eV  and  1.698  eV  in  curve 
(1),  (2),  (3)  and  (4),  respectively.  The  decay  transients  in  the  energy  range  1.2  eV  up  to  1.7  eV 
are  fitted  with  the  hyperbolic  equation  I=a*t^,  with  a  as  a  pre-factor  and  t  the  hyperbolic  decay 
factor.  The  decay  factor  t  changes  form  t=0.81  at  1.326  eV  to  x=1.0,  t=1.25  andx=1.6  at ,  1.45 
eV,  1.574  eV  and  1.698  eV,  respectively. 

Crystal  platelets  were  grown  by  horizontal  HPVT  from  molten  ZnGeP2  sources  with  and  without 
additions  of  excess  Zn3P2  to  cover  the  entire  range  of  compositions  from  Ge-  to  Zn-rich 
compositions  of  the  homogeneity  range  about  stoichiometric  ZnGeP2[13]  The  temperature  at 
which  nucleation  and  growth  occurred  was  ~35-50°C  below  the  melting  temperature.  Since  the 
entire  charge  was  molten  and  no  provisions  for  replenishment  of  the  molten  source  by  the 
preferentially  evaporating  constituents  was  made,  the  composition  of  these  platelet  crystals 
changed  from  the  position  near  to  their  initial  nucleation  sites  at  the  fused  silica  wall  to  their 
peripheral  parts  that  are  formed  in  the  final  stages  of  growth,  that  is,  at  lower  Zn  partial  pressure 
and  higher  density  of  Ge  containing  precursors  to  growth  than  established  in  the  initial  phase  of 
growth.  HPVT  grown  ZnGeP2  crystals  show  therefore  a  variety  of  emission  structures  related  to 
the  different  stages  of  growth.  Figure  5  shows  the  photoluminescence  spectra  obtained  in  the 
center  of  a  platelet  with  different  time  windows.  The  emission  spectra  are  similar  to  that 
observed  for  bulk  ZnGeP2  (Fig.  3)  with  one  additional  sharp  emission  peaked  at  1.778  eV. 


335 


Figure  3: 

Time  dependence  of 
photoluminescence  of  a 
ZnGeP2  bulk  crystal 


1.20  1.40  1.60  1.80 

photon  energy  (eV) 


Figure  4: 

Decay  transients  of  the  PL 
emission  at  1.326  eV  (1), 

1.45  eV  (2),  1.574  eV  (3)  and 

1.698  eV  (4).  The  exponent  x 
in  the  hyperbolic 
approximation  changes  form 

T  =  0.81,1=  1.0,  T=  1.26  to  T 
=  1.60  for  curve  (1),  (2),  (3) 
and  (4),  respectively. 


The  decay  time  of  the  emission  in  the  energy  range  1.2  eV  upto  1.6  eV  is  linear  in  a  double 
logarithmic  plot  as  shown  in  Fig.  6.  The  insert  in  Fig.  5  shows  an  enlargement  of  the  emission 
around  1.778  eV  with  the  decay  time  plotted  in  a  double  log.  scale  in  the  insert  in  Fig.  6. 

Although  the  point  defect  chemistry  is  thus  complex,  hints  for  the  predominance  of  certain 
defects  are  obtained  by  the  analysis  of  the  annealing  behavior  and  the  behavior  associated  with 
specific  growth  conditions.  The  parabolic  decay  time  characteristic  of  the  emission  in  the  energy 
range  of  1.2  eV  to  1.8  eV  can  be  interpreted  in  terms  of  transitions  between  donor  and  acceptor 
states  associated  with  energy  subbands  in  the  bandgap  of  ZnGeP2,  as  schematically  shown  in 
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Fig.  7.  Regardless  of  the  as-grown  composition,  annealing  in  vacuum  depletes  the  near  surface 
region  with  regard  to  the  most  volatile  constituents,  that  is,  phosphorus  and  zinc.  The  formation 
of  vacancies  on  the  zinc  sublattice  reduces  the  concentration  of  Znoe  acceptors  and  enhances  the 
concentration  of  Gezn  donors.  The  introduction  of  Vp  donors  at  the  surface  is  associated  with 
the  formation  of  Gep  acceptors  and  possibly,  but  not  necessarily,  of  Znp  acceptors.  Thus  the 
luminescence  at  1.6  and  1.7  eV  observed  in  vacuum  annealed  bulk  crystals  may  be  explained 
tentatively  by  transitions  from  Vp  donors  to  Vzn  and  Gep  acceptors,  respectively.  The  overall  FL 
shift  associated  with  the  generation  of  Vp  and  Vzn  depends  on  the  values  of  the  equilibrium 
constants,  which  are  not  known  at  present.  The  high  p-type  conductivity  observed  upon 
annealing  in  zinc  vapor,  has  been  explained  by  Rud  as  an  effect  of  Znp  antisite  defect 
formation[14].  The  n-type  conductivity  of  ZnGeP2  crystals  grown  under  HPVT  suggests  the 
formation  of  relatively  shallow  donor  states  that  move  the  fermi  level  (FL)  toward  the 
conduction  band  edge.  Simultaneously  emission  at  1.78  eV  is  observed  that  is  neither  seen  in 
melt-grown  crystals  nor  for  growth  from  zinc-depleted  vapor  sources.  The  high  phosphorus 
pressure  used  in  the  HPVT  experiments  rules  out  a  higher  Vp  concentration  than  observed  under 
the  conditions  of  melt  growth.  Thus  the  donor  responsible  for  the  1.78  eV  emission  for  HPVT 
growth  from  a  zinc  supersaturated  vapor  phase  must  be  associated  with  a  different  point  defect 
that  does  not  form  for  HPVT  growth  from  zinc-depleted  melt  compositions. 


photon  energy  (eV) 

Figure  5: 

Time  dependence  of  the  emission  in  the  center 
of  a  HPVT  grown  ZnGeP2  crystal.  (Insert: 
Enlarged  emission  spectrum  around  1.77  eV) 


Decay  transients  of  the  PL  emission  for  a 
HPVT  grown  ZnGeP2  crystals  for  various 
emission  energies  (Insert:  Decay  transients  of 
emissions  at  1.7784  eV  and  1.7808  eV). 


The  broad  deep  luminescence  in  ZnGeP2  crystals  observed  for  crystals  grown  from  the  melt 
and  zinc-depleted  vapor  sources  is  due  to  close-spaced  D-A  pairs  ,  corresponding  to  the  broad 
donor  and  acceptor  subbands.  Accepting  the  interpretation  of  the  ENDOR  measurements  [15], 
the  deep  acceptor  is  associated  with  V^n.  Since  these  V^n  can  be  filled  by  excess  Ge  atoms  under 
formation  of  Gezn  donors,  a  mechanism  is  identified  by  which  Gezn-Vzn  close-spaced  D-A  pairs 
can  be  formed.  Also,  we  prefer  the  Gezn  donor  over  the  V p  donors  since  the  presence  of  Ge2„ 
antisides  upon  annealing  provides  for  the  simultaneous  elimination  of  Vzn  and  cation  disorder  by 
the  reactions  (i):  Gezn  Ge*  +  V^n  and  (ii)  Znce  +  V^n  ^  Zn*.  The  associated  fermi  level  motion 
toward  the  conduction  band  edge  that  results  in  the  filling  of  residual  deep  Gezn  donor  states  by 
electrons  further  enhances  the  optical  brightening.  Of  course,  the  simultaneous  elimination  of  P- 
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and  Zn-vacancies  upon  annealing  would  be  also  possible,  but  there  exists  no  obvious  linkage  in 
this  case.  Additional  insights  are  likely  to  emerge  from  the  results  of  irradiation  studies  that 
permit  the  controlled  formation  of  defects  and  their  characterization. 

Figure  7: 

Suggested  model  of  the  positions 
of  various  donor  and  acceptor 
related  sub-bands  in  the  bandgap 
of  ZnGeP2.  Efp  is  the  Fermi  level 
for  p-type  and  Efp  the  Fermi  level 
position  for  n-type  ZnGeP2 
crystals. 


Conclusion 

The  native  defect-related  optical  properties  of  2^GcP2  were  studied  by  steady-state  and 
time-resolved  PL.  The  decay  transients  for  the  emission  in  the  energy  range  1.2-1 .6cV  show 
hyperbolic  behavior  which  is  interpreted  as  donor-acceptor  pair  recombination.  Higher  energetic 
luminescence  structures  at  1.6eV  and  1.7eV  were  revealed  after  annealing  of  the  ZnGcP2 
crysuds.  ZnGeP2  crystals  grown  under  Ge-deficient  conditions  by  HPVT  show  additional 
emission  structure  at  1.8  eV  and  a  sharp  donor-acceptor  emission  at  1.778  eV  associated  to  the 
presence  of  additional  donor  states. 
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ABSTRACT 

Photoluminescence  (PL)  steady-state  spectra  of  p-ZnGep2  (ZGP)  single  crystals  grown  by 
high-  and  low-temperature  directed  crystallization  have  been  investigated.  It  is  determined  that  the 
long-wavelength  component  PL  with  a  maximum  in  the  interval  1.2-1.5  eV  for  different  crystals 
quenched  in  the  temperature  range  77-300  K.  ITie  long-wavelength  component  PL  are  due  to 
donor-acceptor  pair  transitions.  At  room  temperature  the  short-wavelength  PL  with  a  maximum 
near  1.85  eV  becomes  the  determining  component.  The  nature  of  this  band  discussed.  The  use 
of  low-temperature  directed  crystallization  reduces  the  concentration  of  lattice  defects  in  ZGP 
single  crystals  and  opens  up  the  new  possibilities  for  increasing  the  conversion  efficiencies  of 
nonlinear  devices. 

INTRODUCTION 

Ternary  compound  of  II-IV-V2  ZGP  (Eg=:l,99  eV  [1,2])  crystallized  in  the  chalcopyrite 
structure  which  can  be  inferred  from  the  cubic  zincblende  lattice  by  doubling  the  unit  cell  and 
ordering  the  atoms  of  cation  sublattice.  In  the  tetragonal  unit  cell  a  small  distortion  occurs  in  the 
direction  of  the  c-axis  which  substantially  affects  on  the  optical  properties  of  this  compound 
semiconductor.  The  material  is  of  interest  in  context  of  its  non-linear  optical  properties  and  can  be 
applied  as  optical  parametric  oscillator  or  for  frequency  mixing  [1-4].  The  main  obstacle 
impending  the  realization  of  the  unique  possibilities  of  this  ternary  diphosphide  remains  its  high 
optical  near  infrared  absorption  [1,2,5, 6].  There  is  therefore,  the  problem  of  finding  effective  ways 
to  decrease  the  optical  absorption  in  the  transmission  region  of  ZGP,  on  which  investigators  have 
focused  their  efforts  [2,5,6]. 

In  the  present  paper  we  report  results  of  a  systematic  study  of  the  photoluminescence  of  ZGP 
single  crystals  in  a  wide  temperature  range.  Thus  far,  because  of  its  rapid  quenching,  radiative 
recombination  in  this  semiconductor  has  been  investigated  in  the  main  at  low  terrqjeratures 
(T<80  K)  [5-8].  Such  investigations  could  facilitate  the  development  of  the  physical  principles  of 
contact-free  diagnostics  of  optical  quality  ZGP  crystals,  which  would  ultimately  make  it  possible 
to  determine  the  technological  conditions  for  obtaining  material  with  a  highly  perfect  structure 
and,  correspondingly,  make  it  possible  to  ensure  the  required  optical  quality  of  this  ternary 
compounds. 

EXPERIMENT 

ZGP  single  crystals  were  grown  by  high-temperature  directed  crystallization  (HTDC)  at  the 
melting  point  T^  [2].  Some  crystals  have  been  prepared  by  low-temperature  directed 
crystallization  (LTDC)  which  we  have  developed  for  the  obtaining  of  ZGP  at  the  range  of 
temperature  600-750°C.  These  temperatures  are  considerably  below  the  temperature  of  the 
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Fig.  I .  PL  spectra  of  p-ZGP  crystals  grown 
by  LTDC  (curve  1)  and  HTDC  (curve  2) 
at  T=77  K  (X,«  =441  nm). 


chalcopyrite->sphalcrite  phase  transition  [1].  To  increase  the  optical  transmission  in  the  near-IR 
region  of  the  spectrum,  post-growth  hcat-treaimcni  was  also  used  for  a  number  of  crystals  [2], 

After  the  mechanical  polishing  with  *  0.05  |xm  alumina  the  surface  of  plates  with  average 
dimensions  of  2  x  5  x  10  mm  was  also  subjected  to  chemical  polishing  in  a  solution  with  the 
composition  5  pms  HF:  1  part  HjO:  several  drops  HNO3  (T-60-100®C,  t»l-5  min)  followed  by 
washing  in  deionized  water.  The  surface  of  single  crystals  treated  in  this  manner  retained  the  same 
degree  of  perfection  achieved  during  prolonged  (up  to  5  years)  .storage  of  the  plates  under  nonml 
conditions.  The  quality  of  such  treatment  did  not  exhibit  any  dependence  on  the  crystailognqihic 
direction.  The  X-ray  dates  show  that  the  lattice  parameters  of  the  chalcopyrite  prepared  by  the 
methods  LTDC  and  HTDC  are  in  agrccmcni  with  publislicd  values  Idr  ZCiP  1 1 1.  'Mh;  frcc-holc 
concentration  in  the  all  investigated  samples  was  equal  to  approximately  M)'-I0"'  cm'*  at 
T*3(X)  K  for  different  proce.s.ses. 

Photolumincsccnce  spectra  were  obtained  at  temperatures  ranging  from  77  K  to  room 
temperature.  Seven  excitation  sources  were  used  independently.  They  were  515,  497,  488,  477, 
458  nm  lines  of  a  multiline  cw  Ar*"  laser  (50  mW  output  power)  extracted  by  a  monochromator,  of 
which  the  photon  energies  are  2.41,  2.50,  2.54,  2.60,  and  2.71  eV.  re.spectively.  We  also  used  a 
441-nm  line  of  cw  He-Ca  laser  (10  mW),  of  which  the  photon  energy  are  2.82  eV.  The  photon 
energies  of  these  sources  are  smaller  or  greater  than  the  direct  gap  for  ZGP.  Luminescence  light 
from  the.  sample  was  analyzed  by  a  greating  spectrometer  (V^  m  focal  length)  and  detected  by  a 
photomultiplier.  An  autophase  lock-in  an^lifter  was  employed.  The  excitation  intensity  was 
changed  by  a  set  of  neutral  density  filters.  The  PL  data  have  been  corrected  for  the  system 
spectral  response  and  the  optical  tract  using  a  calibrated  white  light  source. 


RESULTS 

In  Fig.  1  we  compare  the  typical  spectral  dependence  of  the  intensity  of  the  steady-sute  PL  of 
p-ZGP  single  crystals  made  by  LTDC  and  by  HTDC.  The  PL  was  excited  with  He-Cd  la.scr, 
which  induces  one  electron  transitions  from  the  higher  valence  baixl  to  the  direct  minimum  of  the 
conduction  band  Fev— (the  A-transition)  |  !,9|.  As  in  the  ca.se  of  crystals  grown  in  the  high- 
temperature  proces.s,  at  T=s77  K  radiative  recombination  in  the  impurity  region  of  the  sp^trum  Ls 
dominant  in  the  material  grown  in  the  low-tc*mperaturc  processes  ami  has  a  broad  PL  baml.  The 
full-width  at  half-heighf  61^  (FWHH)  of  the  PL  band  in  the  crystals  grown  by  the  LTDC  is 
considerably  less  than  fat  samples  grown  by  the  HTDC  (Table  I),  which  may  be  an  indication  of  a 
lower  lattice  defect  concentration  for  the  low-temperature  grown  of  the  ZGP.  This  reduction  in 
defect  may  be  due  to  a  decreased  concentration  of  antisite  defects  (Zno,  and  Gez«)  and/or  a 
narrower  region  of  homogeneity,  resulting  from  the  lower  crystallization  temperature  of  the  ZGP. 
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Table  I.  PL  properties  of  p-ZGP  single  crystals. 


Methods  of 
preparation 

Sample 

No. 

.  1=11  K  1 

t=3o6k  I 

hCDm\  CV 

SimM 

hw.^eV 

As-grown 

LTDC 

5 

1.44 

IHiB 

<0.01 

As-grown 

HTDC 

58 

1.34 

0.36 

1.83 

UBII 

17 

1.38 

liliiM 

0.02 

1.85 

640 

(310-330) 

Post-treatment 
after  HTDC 

25 

1.38 

370 

(190-180) 

0.02 

r.85 

660 

(310-350 

LS 

1.44 

410 

(210-200) 

0.03 

1.80 

700 

(330-370) 

Note:  The  widths  of  the  short-  and  long-wavelength  parts  of  the  band  at  half-height  are  indicated 
in  parenthesis.  Samples  No,  5, 58, 17  and  25  prepared  in  Ioffe  Institute,  and  sample  No,  LS— 
Lockheed  Sanders. 


The  high-temperature  process  is  characterized  by  a  difference  of  1.2- 1.5  eV  in  the  PL  maximum 
for  the  crystals  grown  by  the  different  processes  and  even  within  a  single  boule  grown  with  a 
single  process  [7,8,10].  However,  for  the  crystals  grown  at  low  temperatures  the  energy  position 
hcOm  of  the  PL  band  maximum  and  FWHH  are  highly  reproducible.  Here  it  is  fitting  to  note  that 
the  intensity  of  the  long-wavelength  PL  in  the  crystals  grown  below  Tcr  is  about  an  order  of 
magnitude  weaker  than  that  of  the  material  obtained  at  T„.  All  this  evidence  is  associated  with  the 
energy  spectrum  of  the  ensemble  of  lattice  defects,  and  therefore  it  is  very  sensitive  to  the 
methods  and  conditions  of  growth  (Fig.  1). 

Using  the  p-ZGP  samples  prepared  at  T<Tcr,  we  fabricated  In/p-ZGP  surface-barrier 
structures  m  the  manner  described  in  [1 1].  The  relative  quantum  efficiency  Ti  in  the  spectra  has  a 
band  in  the  neighborhood  of  the  direct  transitions  in  ZGP,  and  as  the  incident  photon  energy  is 
reduced  the  photoresponse  falls  off.  If  we  compare  the  photosensitivity  spectrum  of  structi^es 
made  fi-om  the  low-temperature  crystals  with  the  results  for  structures  made  with  the  high- 
temperature  crystals  [2,8],  we  see  first  a  reduction  in  the  photoresponse  and  the  absence  of  a 
maximum  in  Ti  at  the  long-wavelength  edge  (hco<  2  eV),  which,  in  addition  to  the  PL  dates,  is  also 
evidence  for  the  lowered  concentration  of  lattice  defects  in  ZGP  as  a  results  of  the  reduced 
crystallization  temperature. 

Fig.  2,  PL  spectra  of  p-ZGP  crystals 
grown  by  HTDC  at  T=  77  K  (As- 
grown  samples:  curve  1 — No.  161,  and 
curve  2 — ^No.  58;  post-grown  heat- 
treatment  at  Tht=500®C  and  t=  500  h, 
sample  No.  8 — curve  3). 
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Fig.  3.  PL  spectra  (curves  1-3)  and 
the  dependence  of  the  PL  intensity 
(curve  4)  at  hcobL  and  the  energy 
hti^L  on  the  relative  laser  excitation 
power  density  L  at  T«77  K  (Sanpte 
No.  8,Tht=500®C,  t*500  h,  energy 
excitation  2.82  eV.  The  A'.B'.C  and 
A3,C  mark  the  energies  of  interband 
transitions  in  ZGP  [9]). 


The  results  of  the  PL  measurements  for  the  typical  samples  made  by  HTDC  are  presented  in 
Figs.  2-4  and  also  Table  I.  They  are  as  follows. 

mV  “  radiation  with  photon  energy  higher  than  the  energy  direct  band 

gap  for  ZGP  [9],  the  radiative  recombination  of  the  typical  crystals  near  77  K  included  a  wide 
dommant,  long-wavelength  band  with  a  maximum  at  hw.  and  an  extended  short-wavelcngth 
shoulder  (Fig.  2,  curves  1  and  3)  or  a  wide  short- wavelength  peak  near  1.8-2  eV  (Fig  2  curve  2) 
The  nr^um  of  the  short-wavelength  component  lies  in  the  region  of  pseudodirect’ interband 
transitions  wd  could  be  evidence  of  the  edge  radiative  recombination,  which  has  thus  far  not  been 
observed  [12]  .  It  foUows  from  Table  I  that  the  most  intense  short-wavelength  radiation 
chwactenzed  by  the  ratio  I  /I  ,  is  observed,  as  a  rule,  in  the  p-ZGP  as-grown  crystals  (Table  I) 
and  post-grown  heat-treatment,  which  results  in  "bleaching"  [2],  substantially  decreases  the 
intensity  of  the  shon-wavelength  component  of  the  PL  at  T=77  K.  The  large  spectral  widths  5^ 
«  half-maximum  of  the  short-  and  long- wavelength  shows  that  they  arc  not  elementary.  It  should 
be  noted  that  in  the  ZGP  crystals  subjected  to  "bleaching"  heat-treatment  [2]  the  maximum  of  the 
long-wavelength  PL  band  is  systematically  shifted  into  the  short-wavelength  region  and  the 
decreases  at  the  same  time  (Table  I).  The  hioj-  of  as-grown  ZGP  crystals  is  localized  in 
the  region  from  1.2  to  1.5  eV,  and  the  PL  band  in  most  of  these  samples  is  asymmetric,  which  is 
m^ested  in  the  fact  that  the  long-  and  short-wavelcngth  half-width  hm  '•  and  5,;2*  are  different 
(Table  I).  We  ^o  c^  attention  to  the  het  that  the  parameters  of  the  tong- wavelength  coiimonent 
of  PL  excited  by  radiation  with  photon  energy  above  the  energy  of  direct  A-transitions  in  ZGP 
[1,9]  were  found  to  be  close  to  the  values  reported  in  [7],  where  PL  was  excited  with  a  He-Nc 
laser  with  the  energy  photon  close  to  the  energy  of  the  pseudodirect  A'-transitions  for  2X3P  [9] 
This  circumstance,  together  with  the  fact  hoi.^'cEA-,  make  it  possible  to  associate  the  tong- 
wavelength  radiation  to  levels  of  different  kinds  of  lattice  defects  in  ZGP.  In  this  case  the  change 
in  the  positwn  h(0„,L  and  the  ratio  I®/!*-  (Table  I)  indicate  that  the  density  and  type  of  lattice 
defects  in  ZGP  fluctuate  as  the  conditions  under  which  the  single  crystals  arc  grown  change. 

Investigations  of  the  effect  of  the  excitation  power  density  on  the  PL  spectra  (Fig.  3,  curves  1- 
3)  ^0  support  the  conclusion  that  the  tong-wavelength  component  of  thc^PL  is  due  to  the  defects 
of  ddferent  nature.  It  is  obvious  that  as  the  excitation  power  density  decreases,  the  energy 
position  of  the  tong- wavelength  maximum  hbij-  and  also  the  long-  and  short-wavelength  wings  of 
this  band  shift  m  paraUel  into  the  long-wavelength  spectral  region.  The  spectral  contour  of  the 
long- wavelength  band  is  virtuaUy  independent  of  the  excitation  power  density,  indicating  that  the 
mecham.sm  of  the  radiative  transitions  remains  essentiaUy  the  same.  As  one  can  see  from  Fig.  3 
(curve  1).  in  a  number  of  crystals  the  .short-wavelcngth  PL  component  in  the  form  of  an  extettoed 
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Fig.  4.  Temperature  dependence  of  the  PL  spectra  of  a  p-ZGP  crystal  (Sample  No.  25,  L=  const, 
energy  excitation  hWcxc=2.82  eV). 

shoulder  with  a  broad  maximum  lies  in  the  region  of  pseudodirect  and  direct  interband  transitions 
for  ZGP  [1,9].  The  PL  intensity  at  the  maximum  of  the  long- wavelength  band  increases  according 
to  a  power  law  I-L*  '  (Fig.  3,  curve  4),  whUe  the  shift  in  the  maximum  of  this  band  with  excitation 
power  density  increasing  by  an  order  of  magnitude  (Fig.  3,  curve  5)  is  characterized  by  the 
quantity  d  (hco,n^)/9L=30  meV,  which  makes  it  possible,  after  taking  into  account  the  results  of 
[12],  to  conclude  that  the  concentration  donors  and  acceptors,  which  cancel  one  another,  in  ZGP 
crystals  is  high.  The  dependence  of  the  PL  spectra  on  the  excitation  power  density,  shown  in  Fig. 
3  (curves  1-3),  is  the  basis  for  the  conclusion  that  the  PL  is  of  a  donor-acceptor  nature.  The 
changes  in  the  donor  and  acceptor  densities  are  associated  with  the  crystal  growth  conditions, 
which  accounts  for  the  fluctuations  in  hcD„,L  and  I^/I^  in  single  crystals  grown  under  different 
conditions  and  in  the  different  research  groups. 

As  the  temperature  increases,  another  transformation,  which  is  characteristic  of  the 
investigated  samples,  arises  in  the  PL  spectra.  A  typical  example  of  the  observed  evolution 
induced  in  the  PL  spectra  by  increasing  the  temperature  of  the  crystals  from  77  to  300  K  is  shown 
in  Fig.  4.  It  is  obvious  that  as  the  temperature  increases,  the  long- wavelength  component  is 
quenched  and  above  a  certain  temperature,  which  is  characteristic  of  each  crystal  ,  a  wide 
asymmetric  short-wavelength  component  is  excited  and  becomes  dominant.  At  room  temperature 
the  PL  spectra  of  all  investigated  samples  already  includes  only  the  short-wavelength  component 
with  a  maximum  hC0n,*=1.85  eV.  The  quenching  of  the  long- wavelength  component  is 
characterized  by  a  weak  temperature  dependence  in  the  low-temperatute  range  and  an  exponential 
decrease  with  several  values  of  the  activation  energy  of  the  PL  quench  process,  which  vary  from 
sample  to  sample.  The  temperature  dependence  of  the  PL  intensity  was  found  to  be  weaker  for 
the  short-wavelength  component.  As  a  result,  this  component  is  dorranant  above  a  certain 
temperature.  The  temperature  corresponding  to  the  change  in  the  contribution  of  these  bands  to 
the  PL  is  different  for  the  different  samples;  this  is  a  consequence  of  the  differences  in  the 
densities  and  nature  radiative  transitions.  On  the  whole,  the  temperature  dependences  of  the  PL 
for  p-ZGP  crystals  are  characteristic  been  found  in  the  quench  processes  of  these  components  PL 
indicate  that  they  could  be  attributed  to  the  technological  conditions.  Further  investigations  could 
point  to  possible  applications  of  the  PL  for  rapid  diagnostics  of  the  properties  and  for  adjustment 
of  the  growth  conditions  of  ZGP  single  crystals. 
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CONCLUSIONS 

Our  experimental  results  indicate  that  the  use  of  low-temper aiurc  crystallization  reduces  the 
concentration  of  lattice  defects  in  single  crystals  of  zinc  germanium  diphosphide  and  opens  up 
new  possibilities  for  increasing  the  efficiency  of  radiation  conveners  made  from  this  material,  it  is 
determined  that  the  long-wavelength  component  PL  with  a  maximum  in  the  interval  1.2-1.5  cV 
for  the  different  crystals  is  quenched  in  the  temperature  range  77-300  K.  As  a  result,  at  room 
temperature  the  short-wavelength  component  of  the  PL  with  a  maximum  near  1.85  eV  becomes 
the  determining  component.  The  nature  of  the  radiative  transitions  in  p-ZGP  crystals  is 
on  the  basis  of  the  obtained  dates  and  it  suggested  that  the  PL  properties  which  had  been 
established  can  be  used  for  diagnostics  of  optical  quality  this  ternary  chalcopyrite  compounds. 
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ABSTRACT 

We  demonstrate  self-trapping  of  a  two-dimensional  beam  at  1.3  microns  wavelength  in 
resonantly-enhanced  InP.  The  self-trapped  beam  also  induces  a  two-dimensional  optical 
waveguide  in  bulk  InP,  which  guides  a  second  beam  at  1.55  micron  wavelength. 


INTRODUCTION 

Optical  spatial  solitons’  "in  photorefractive  crystals  offer  potential  applications  in  the  field  of 
all-optical  switching  and  beam  steering.  A  photorefractive  soliton  is  created  when  a  photo- 
induced  index  change  exactly  compensates  for  the  diffraction  of  the  beam.  In  this  sense  the 
beam  is  able  to  create  its  own  waveguide.  These  effects  have  been  extensively  studied  in 
ferroelectric  oxide  and  sillenite  oxide  crystals  for  visible  wavelengths.  For  the  near  infra-red 
wavelengths  used  in  telecommunications,  InP;Fe  crystals  have  already  demonstrated  interesting 
photorefractive  properties. Self-trapping  of  a  laser  beam  has  been  reported  in  InP:Fe.’'‘  In 
this  paper  we  report  the  first  observation  of  the  use  of  a  two-dimensional  soliton  formed  at 
1.3|j.m  in  InP  to  produce  a  waveguide  to  guide  a  second  laser  beam  at  1.55p,m. 

EXPERIMENT 

For  the  experiment  the  beam  from  a  Nd:Yag  laser  at  1.3}xm  is  collimated  and  focused  with  a 
5cm  focal  length  lens  on  the  entrance  face  of  an  InP:Fe  crystal  whose  temperature  is  stabilized  at 
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297K.  As  shown  in  Figure  1,  the  electric  field,  Eq.  is  applied  along  <1 10>  the  beam  propagates 
along  <1 1  0>,  and  is  polarized  either  horizontally  or  vertically  at  45°  from  <1 10>.  The  beam 
size  at  the  entrance  face  of  the  crystal  has  a  diameter  of  about  S5|im  and  diverges  to  a  ITO^un 
diameter  at  the  exit  face  when  no  field  is  applied  to  the  crystal.  The  lnP;Fe  crystal  length  is  1cm 
in  the  direction  of  the  propagation.  When  a  12  kV/cm  field  is  applied  to  the  crystal,  the  beam  is 
trapped  and  the  beam  diameter  at  the  exit  face  is  reduced  to  about  SS^m. 

RESULTS 

Our  experiments  show  that  the  beam  is  trapped  to  the  same  diameter  for  eitho*  a  1cm  or  a 
0.5cm  crystal  length,  supporting  the  conclusion  that  the  trapped  diameter  is  the  same  throughout 
the  crystal.  To  show  that  an  efficient  waveguide  is  formed  in  the  crystal,  we  have  also 
propagated  a  1.55^m  ImW/cm^  laser  beam  collinear  to  the  1.3^m(lW/cm^)  trapped  laser  beam. 
To  observe  only  the  1.55^m  beam,  a  color  filter  is  placed  after  the  crystal.  When  both  beams 
are  vertically  polarized,  the  1.55^m  beam  is  observed  to  be  guided  along  the  same  direction  as 
the  1.3jim  beam  (Fig.  2a).  However,  when  the  polarization  of  the  1.3nm  beam  is  horizontal  and 
the  1.55^m  beam  vertical,  the  1.55pm  beam  is  guided  on  the  side  of  the  1.3pm  trapped  beam 
(Fig.  2b).  While  in  both  cases  the  1.55pm  beam  is  effectively  guided,  we  can  see  that  when  the 
1.3pm  beam  is  horizontally  polarized,  the  1.55pm  beam  is  efficiently  guided  and  has  a  near 
circular  profile. 

In  order  to  measure  the  index  change  responsible  for  the  formation  of  the  waveguide  we 
added  an  interferometer  to  the  apparatus.  This  measurement  gives  an  increase  of  the  refractive 
index  in  the  center  of  the  horizontally  polarized  1.3pm  beam  and  a  strong  decrease  (10*^)  of  the 
index  on  one  side  of  beam.  This  amazingly  strong  decrease  of  the  index  implies  that  a  large 
photorefractive  space  charge  field  is  present.  We  calculate  this  space  charge  field  to  be  idKHit 
50kV/cm  when  the  applied  external  field  across  the  crystal  is  only  5kV/cm.  When  the 
polarization  of  the  1.55pm  beam  is  made  vertical,  the  large  index  change  on  the  side  of  the 
focused  1.3pm  beam  is  seen  as  an  increase  in  index  and  the  1 .55pm  beam  is  guided. 

Despite  the  small  value  of  the  electro-optic  coefficient  r4,,  it  is  clearly  possible  to  induce 
large  index  changes.  Physically,  the  large  index  change  is  due  to  the  large  space  charge  field 
which  can  be  created  due  to  the  intensity  temperature  resonance  and  the  low  value  of  the 
dielectric  constant  associated  with  InP. 
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Fig.  1:  Optical  set-up  for  the  two-dimensional  trapping  in  InP;Fe.  View  of  the  entrance  face  of 
the  crystal  for  the  trapping  observation,  (a)  and  for  the  index  change  measurements,  (b).  The 
dashed  beams  are  only  used  for  the  index  change  measurements.  E^’^p  polarization  of  the  focused 
beam,  E'^^p:  polarization  of  the  probe  beam  and  reference  beam,  H:  half-wave  plate,  C;  InP:Fe 
crystal,  P:  polarizer. 
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Fig.  2:  Image  of  a  I.SS^m  wavelength  beam  at  the  exit  face  of  the  crystal  without  (left)  and 
with  (right)  the  1.3^m  trapped  beam  present.  Top;  both  beams  vertically  polarized;  bottom; 
1.3pm  beam  horizontally  polarized  and  1 .55pm  beam  vertically  polarized.  Eo=l2kV/cm. 


CONCLUSIONS 


We  have  shown  that  two-dimensional  optical  waveguides  can  be  self-induced  in  InP:Fe  using 
the  photorefractive  effect  at  1.3pm  wavelength.  The  intensity  dependent  phenomenon  is  related 
to  the  intensity  temperature  resonance  found  for  two-wave  mixing  measurements  in  InP;Fe.  A 
refractive  index  change  on  the  order  of  10  has  been  measured,  showing  that  a  space  charge 
field  ten  times  larger  than  the  applied  field  Eq  is  present  in  the  crystal.  The  trapping  effect 
described  in  this  paper  offers  a  new  way  to  exploit  the  photorefractive  effect  in  InP:Fe  in  the 
design  of  reconfigurable  optical  interconnects. 
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ABSTRACT 

The  Diffused  Quantum  Well  (DFQW)  structures  created  by  both  impurity  induced  and  impurity 
free  or  vacancy  promoted  processes  have  recently  been  advanced  to  a  higher  level.  The  interdiffusion 
mechanism  is  no  longer  confined  to  two  constituent  atoms,  but  consists  of  two  or  multiple  phase 
interdiffusion  as  well  as  multiple  species,  such  as  three  cations  interdiffusion  and  two  pairs  of  cation- 
anion  interdiffusion.  Results  show  that  the  outcome  of  these  interdiffusions  is  quite  different.  For 
instance,  both  compressive  or  tensile  strain  materials  and  both  blue  or  red  shifts  in  the  bandgap  can  be 
achieved  dependent  on  the  type  of  interdiffusion.  The  advantage  of  being  able  to  tune  the  material 
properties  allows  the  realizations  of  higher  performance  lasers  and  modulators.  Two  lasing  wavelengths 
(60  nm  apart)  are  produced  at  A,  «  l.SSpm,  on  the  same  substrate,  with  threshold  currents  of  290mA,  and 
an  extremely  large  relative  reflectance  change  (over  10000)  is  predicted  with  power  consumption 
reduced  by  67%.  A  six  fold  enhancement  of  the  third  order  susceptibility  over  that  of  the  bulk  materials 
can  be  achieved  by  using  the  inter-subband  transitions  in  the  DFQW  at  A  »  lOpm.  Broadband  (lOOOnm) 
detectors  have  also  been  realized  due  to  the  wide  DFQW  spectral  bandwidth.  Several  state-of-the-art 
results  of  the  DFQW  will  be  summarized  with  an  emphasis  on  the  future  developments  and  directions  of 
the  DFQW. 

INTRODUCTION 

Diffused  quantum  well  (DFQW)  is  a  non-square  quantum  well  produced  by  interdiffusion  of 
constituent  atoms  through  the  heterointerface.  In  the  literature,  DFQW  is  also  referred  to  as  quantum 
well  mixing  or  intermixing  (QWI)  and  quantum  well  disordering.  Extensive  work  has  recently  been 
focused  on  the  application  of  DFQWs  since  they  provide  post-growth  tuning  of  the  device  operating 
wavelengths.  The  DFQWs  can  also  be  produced  by  a  controlled  interdiffusion  process,  which  allows  the 
rate  of  diffusion  to  be  varied.  This  enables  a  selective  area  quantum  well  intermixing  technology  to 
laterally  confine  light  for  waveguiding.  The  process  of  achieving  optical  lateral  confinement  includes 
impurity  induced  disordering  (IID)  and  impurity-free  vacancy  diffusion  (IFVD).  Performance  of  devices 
using  DFQWs  can  also  be  improved  and  contribute  to  easy  and  effective  realization  of  photonic 
integrated  circuits. 

The  first  work  [1]  on  DFQW  reported  that  Zn  diffusion  into  an  AlAs-GaAs  superlatice,  or  into 
AlxGa,.,jAs-GaAs  quantum  well  heterostructures  can  enhance  the  Al-Ga  interdiffusion  rate  at  the 
heterointerfaces  and  create  uniform  compositionally  disordered  AlxGa,.,,As  even  at  lower  temperature. 
Following  this,  the  disk-shaped  IR-red  GaAs-AlAs  superlattice  lasers  were  demonstrated  (cw  300K), 
which  were  monolithically  integrated  into  rectangular  yellow-gap  AlxGai.,(As  cavities  [2].  This  process 
had  become  a  first  patent  base  on  QW  mixing. 

In  recent  years,  great  effort  has  been  put  in  using  DFQW  as  a  tool.  Last  year,  several  remarkable 
papers  on  lasers  and  modulators  using  DFQWs  were  published.  For  instance,  the  fabrication  of  multiple 
wavelength  lasers  and  mutli-channel  wavelength  division  multiplexers  in  GaAs/AlGaAs  structures  have 
been  achieved  using  the  technique  of  “selective  intermixing  in  selected  area”  (SISA),  based  on  IFVD  [3]. 
Buried  InGaAs/InP  quantum  wires  with  width  down  to  15mm  was  fabricated  by  lateral  barrier 
modulation.  The  key  technique  involved  was  the  local  removal  of  the  InP  top  barrier  layer  of  the  QW 
using  high  resolution  electron  beam  lithography  and  selective  wet  chemical  etching  [4].  Impurity-free 
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disordering  of  InP  based  InGaAs/InGaAlAs  QWs  induced  by  three  different  dielectric  thin  cap  films 
(SiOj,  SiN„  SrFi)  has  been  produced  [5].  Detail  investigation  of  the  in-plane  spatial  resolution  of  the 
disordering  process  was  also  developed  [5].  In  fact,  significant  reduction  of  threshold  currents  by  IID  in 
InGaAs/GaAs  QW  Ridge- Waveguide  Lasers  has  succeeded  [6].  Vertical  cavity  surface  emitting  lasers 
employing  a  Zn  diffused  and  disordered  spatial  mode  filter  were  fabricated  and  tested  [61].  Low 
divergence  output  beam  of  surface  emission  was  yielded  and  it  is  suitable  for  short  haul  optical  fiber. 
Another  device  which  is  of  interest  is  the  superluminescent  diode  [8]  whose  band  emission  spectrum  is 
broad  enough  for  high  sensitivity  in  fiber  optical  gyroscopes.  In  addition,  report  of  reviews  have  been 
made  on  IID  by  Holonyak  in  1988  [9],  on  the  process  of  DFQW  optoelectronics  by  Weiss  in  1990  [10], 
and  on  QWI  by  Marsh  in  1993  [1 1]. 

In  this  paper,  we  aim  to  make  a  comprehensive  summary  on  the  latest  progress  and  development 
in  DFQWs  in  different  areas  ranging  from  materials,  production  techniques,  diffusion  mechanisms,  to 
device  applications. 

TECHNIQUES  FOR  MODIFYING  INTERDIFFUSION  RATES  IN  QWs 
Ion  Implantation 

Ion  Implantation  is  a  technique  in  which 
direct  injection  of  ionized,  energetic  atoms  or 
molecules  into  a  solid  is  employed.  The  ions 
injected  will  carry  energies  ranging  fiom  a  few 
keV  to  several  MeV,  and  implant  doses  from 
10’“  to  more  than  10'“  ions/cm^  Using  small 
implantation  energy,  the  damage  introduced  to 
the  lattice  structure  will  be  reduced  but  with  a 
decrease  in  the  penetration  depth,  while  with 
small  dose  of  implants,  there  will  be  lesser 
enhancement  of  diffusion  rate. 

Fig.  1 


Ion  Implantation  will  significantly  enhance  the  interdiffusion  rate,  and  control  the  lateral  and 
vertical  depth  of  diffusion  precisely  (see  Fig.  1).  Different  combinations  of  ions  and  substrates  arc 
possible  and  the  most  commonly  used  ones  are  p-type  ions  (Zn,  Be),  n-type  ions  (Si),  neutral  type  ions 
(O),  and  constituent  ions  (Al,  Ga,  As)  in  AlGaAs/GaAs.  It  was  reported  that  the  use  of  neutral  ions 
(including  constituent  ions)  can  prevent  the  production  of  free  carriers  induced  by  the  charged  ions  (  n- 
type  or  p-type)  which  will  introduce  propagation  loss  and  thus  reduce  the  refractive  index  of  the 
intermixed  QW  materials  [49].  Recent  application  of  different  implants  are  discussed  as  follows. 

Interdiffusion  of  Al-Ga  in  an  Alo.3Gao.7As/GaAs  supperlattice  with  focused-ion-beam 
implantation  using  Si  has  recently  been  studied  [12].  This  implantation  technique  provides  maskless 
process  with  high  spatial  resolution  and  so,  it  enables  precise  patterning  on  the  wafer  for  optoelectronics 
integrated  circuits  (OEIC)  applications.  Si  ions  are  accelerated  to  50  and  100  keV,  and  with  rapid  thermal 
annealing  (RTA)  at  950  “C  for  10s.  The  diffusion  coefficient  was  extracted  to  be  4.5x1 0  'VmVs  (with  a  Si 
ion  dose  of  IxlO'Vcm*)  and  in  comparison  with  RTA,  which  can  only  produce  an  interdiffusion 
coefficient  of  1 .3x10  ’*  cmVs.  This  implies  a  2  order  magnitude  enhancement. 

In  terms  of  constituent  implantation,  implanted  gallium  into  both  GaAs/AlGaAs  and 
InGaAs/GaAs  QWs  have  been  performed  and  no  significant  effect  on  the  diffusion  coefficients  was 
found  in  either  systems.  For  arsenic  implantation,  the  GaAs/AlGaAs  system  behaved  identically  to  the 
Ga  implanted  sample,  while  in  InGaAs/GaAs  a  region  of  enhanced  interdiffusion  was  found,  where  the 
diffusion  coefficient  was  enhanced  by  one  order  of  magnitude  [13]. 

Photoluminescence  of  low-energy,  low  dose  oxygen  ion  implantation  into  AlGaAs/GaAs  QWs 
has  been  studied  [14].  Results  showed  that  significant  intermixing  of  both  single  and  multiple 
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AlGaAs/GaAs  QWs  has  been  achieved  using  155  keV  implantation  energy  with  doses  as  small  as  5  x 
10’^  cm‘^  after  a  moderate  annealing  step.  A  PL  peak  shift  of  139  meV  was  observed  in  a  lOOA  GaAs 
QW  after  implanting  10'“  cm'^  oxygen  ions  at  155  keV  and  annealed  at  1050  "C  for  40s,  while  a  shift  of 
up  to  100  meV  was  obtained  in  the  MQW  with  a  dose  of  8  x  10'“  cm'^  ions  at  450  keV  with  annealing  at 
950  "C  for  120s. 

In  spite  of  these  advantages,  however,  ion  implantation  technique  will  introduce  more  lattice 
damage  and  a  large  amount  of  defects  in  the  materials.  In  order  to  reduce  lattice  damages,  implantation 
energy  is  limited  and  thus,  the  penetration  depth  will  be  reduced. 

Impurity  Diffusion  with  Rapid  Thermal  Annealing 

RTA  is  an  essential  step  in  impurity  diffiision.  Since  impurity  diffusion  process  undergoes  a  very 
slow  rate  on  its  own  at  conventional  conditions,  RTA  is  therefore  used  to  promote  its  diffusion  rate.  RTA 
under  temperature  ranging  from  900  to  1125  °C  leads  to  substantial  increase  in  interdiffusion  rate.  Most 
of  the  annealing  is  usually  performed  in  the  range  from  400  to  1000  “C,  and  under  a  chemical 
environment  with  N2  or  even  in  vacuum  to  prevent  oxidation  to  occur. 

Marsh  has  demonstrated  a  method  of  RTA  [11],  in  which  flourine-implanted  SCH  and  GRIN 
samples  were  capped  with  lOOOA  of  either  SiOj  or  Si3N4  deposited  by  plasma-enhanced  chemical  vapour 
deposition.  RTA  is  then  performed  at  different  temperatures  (650  to  750  “C)  in  a  nitrogen  atmosphere.  A 
more  recent  RTA  experiment  was  performed  in  1996  by  Bacher  which  consists  of  samples  annealed  for 
one  minute  between  450  and  750  "C  under  a  continuous  flux  of  nitrogen  to  avoid  surface  oxidation  [15]. 

Recently,  there  is  a  report  on  an  novel  application  of  impurity  diffusion  [50].  The  structure  used 
is  a  80-period  GaAs/AlAs  superlattice  with  each  layer  34  A  thick,  Si  dopped  and  annealed  at  800  °C  with 
a  carbon  source  for  3  hours.  PL  spectra  showed  that  the  magnitude  of  the  intermixing  of  A1  and  Ga 
increases  with  depth  which  is  in  contrast  with  the  intermixing  mechanism  considering  vacancy  injection 
from  the  surface.  This  is  because  in  theory,  the  diffusion  coefficient  of  carbon  is  very  small  and  hence 
carbon  remains  mainly  at  the  surface  of  the  MQW.  Reduction  of  Si  diffusion  speed  is  mainly  due  to  the 
combination  of  Si  and  carbon.  As  a  result,  the  intermixing  coefficient  is  small  at  the  surface  and  increase 
gradually  with  depth. 

In  general,  flexibility  of  easy  alteration  of  the  compositional  profile  inside  ftie  material  is  made 
possible  in  impurity  diffusion.  However,  unintentional  intermixing  may  take  place  in  regions  other  than 
those  implanted  and  precise  depth  control  cannot  be  achieved  with  this  diffusion  method.  The  volume 
concentration  of  impurity  drops  during  interdiffusion  and  will  eventually  drop  below  the  threshold 
concentration  at  which  the  implantation  enhanced  disordering  occurs. 

Impurity  Free  Vacancy  Diffusion  (IFVD) 

The  mechanism  of  IFVD  requires  the 
encapsulation  of  MQW  samples  by  a  dielectric  cap  such 
as  SiOj  or  Si3N4  (see  Fig.  2)  and  then  annealing  at  high 
temperature  around  850  ~  900  ®C  for  30  to  180 

seconds.  This  will  lead  to  out-diffusion  of  Ga  into  the 
cap  and  vacancies  are  generated  on  the  group  III 
sublattice  that  diffuse  to  the  barriers  and  promote  the 
interdiffusion  in  the  MQWs.  By  using  different 
combination  of  caps,  selective  area  bandgap  control  is 
possible. 


A  recent  experiment  on  IFVD  [16]  was  performed  to  investigate  whether  Ga  vacancy  are 
generated  during  Si02  capping  and  annealing.  A  uniformly  Si  doped  GaAs  epilayer  of  lOum  thick  with  n 
=  4.8  X  10'®  cm‘^  grown  by  MBE  was  studied  using  photoluminscence  and  cathodoluminescence.  As  a 
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Fig.  2  [3] 
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result,  an  increase  in  the  strength  of  the  emission  at  1.2  eV  is  observed  which  is  attributed  to  the  Ga 
vacancy.  This  evidence  shown  that  Ga  vacancy  is  the  species  responsible  for  IFVD. 

The  advantage  of  using  IFVD  is  that  it  is  a  simple  method  which  requires  much  less  equipment 
to  perform.  As  discussed  above  in  using  ion  implantation,  only  neutral  species  IID  can  circumvent  the 
large  optical  propagation  losses  associated.  However,  neutral  impurities  still  introduce  substantial 
changes  in  material  resistivity  and  trap  concentrations.  IFVD  can  create  large  bandgap  energy  shifts 
without  these  disadvantages  of  IID.  However,  using  IFVD  will  increase  the  number  of  etching  steps 
needed  to  control  the  thickness  of  SiOj.  Moreover,  control  of  oxygen  composition  in  SiO,N,  is  complex. 


Laser  Assisted  Disordering 

Laser  assisted  disordering  is  a  direct  write  process  that  can  pattern  impurity  induced  layer 
disordering.  This  new  technique  employs  a  highly  focused  At*  laser  beam  (see  Fig.  3).  For  fabrication  of 
AlGaAs-GaAs  DFQW  [17],  the  laser  beam  with  lasing  wavelength  of  488  nm,  is  scanned  through  the 
heterostructure  sample  which  is  encapsulated  with  a  90  nm  layer  of  Si-Si, N*.  Its  scan  speed  can  be  as 
high  as  85  pm/s.  The  laser  beam  interaction  region  will  result  in  a  smooth  cylindrical  section  on  the 
micron  scale.  Annealing  is  then  applied  to  drive  the  Si  into  the  as-grown  crystal,  resulting  in  a  local 
mixing  of  the  crystal  layers. 

In  a  more  recent  report,  pulsed  photoabsorption-induced  disordering  technique  was  used  to 
selectively  intermix  GalnAs/GalnAsP  QW  structure,  which  was  studied  by  the  use  of  high  spatial 
resolution  time-resolved  PL.  Measurements  showed  that  a  reduction  in  the  non-radioactive 
recombination  time  of  nearly  two  orders  of  magnitude  as  a  result  of  this  intermixing  technique  [53]. 

The  laser  assisted  technique  is  a  flexible  process  for  optoelectronic  device  and  circuit  fabrication. 
However,  a  direct-write  system  is  not  an  optium  configuration  for  many  application.  For  example, 
commercial  production  of  diode  lasers  is  based  upon  high  yield,  high  throughput  techniques  such  as 
photolighography.  Further  improvement  is  required. 


I 
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Fig.4[19J 


DIFFUSION  MECHANISM 


One  Phase,  Group  III  In  A,B,.,C  system 

Simple  calculations  were  made  under  Fick’s  Law  of  diffusion  to  determine  the  composition 
profile  x(z)  for  AlxGa,.,As/GaAs  and  In,Ga|.,As/GaAs  QWs  [18].  This  simple  model  leads  to  error 
function  solutions : 


X(Z)  =  Xq 


where  z  is  the  growth  axis,  Xq  is  the  as-grown  composition  of  the  QW  material,  Lq  is  the  interdiffusion 
length  and  L,  is  the  well  thickness.  For  AlGaAs/GaAs  QW,  R,  =  Rj  =  1  and  for  InGaAs/GaAs  QW,  R,  =  0 
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&  Rj  =  -1 .  It  has  been  reported  that  this  equation  accounts  for  a  wide  range  of  diffusion  coefficient 
values  obtained  in  various  III-V  semiconductor  systems  [51,52]. 

On  the  other  hand,  it  has  been  found  recently  that  the  above  Pick’s  diffusion  equation  may  not 
properly  describe  the  interdiffsuion  in  the  InGaAs/GaAs  QW  with  strain  [19].  The  strain  is  believed  to 
introduce  changes  in  crystal  defect  concentration  and  thus  diffusivity  is  also  influenced  by  strain. 
Therefore,  the  non-Fickian  equation,  which  is  an  expanded  form  of  Pick’s  second  law,  is  introduced  : 

dC  d  f 

—  =  — [D„exp(KC) 

where  C  is  the  indium  concentration,  Do  is  the  diffusivity  when  no  stress  is  applied,  k  is  the  parameter 
indicating  the  degree  of  strain  enhancement  and  is  also  a  function  of  In  concentration. 

This  equation  has  included  the  effects  of  strains  empirically.  The  experimental  PL  peak  shifts  as 
a  function  of  annealing  time  were  well  fitted  by  this  equation,  as  shown  in  Fig.  4.  Useful  parameters, 
such  as  diffusivity  of  InGaAs/GaAs  QW  were  found  using  this  equation. 

One  Phase,  Group  III  only  in  A,B,.,CyD,.y 

Cation  interdiffusion  results  in  the  formation  of  an  InGaP/InGaAs  abrupt  interface  from  as- 
grown  InGaAs/InP  QW.  Theoretical  analysis  [25]  indicates  that  a  large  strain  was  built  up  across  the  well 
during  early  stage  of  interdiffusion.  The  strain  and  its  effect  on  the  bandgap  profile  of  the  disordered 
structure  produces  a  distinctive  quantum  confinement  profile  which  remains  abrupt  even  after  significant 
interdiffusion.  This  phenomenon  together  with  a  diffused  well  width  which  equals  to  that  of  the  as-grown 
QW  are  in  contrast  to  other  material  systems  such  as  AlGaAs/GaAs  and  InGaAs/GaAs.  The  effect  of 
strain  results  in  a  potential  buildup  in  the  barrier  near  the  interface  at  the  top  of  the  well,  while  it  gives 
rise  to  two  miniwells  at  the  bottom  of  the  wells.  The  HH  and  LH  band-edge  splitting  results  in  two 
distinct  HH  and  LH  confinement  profiles  with  different  depths. 

One  Phase,  Group  III  plus  V  in  A,B,.jCyD,.y  system 

The  effect  of  interdiffusion  on  the  confinement  profile  of  the  quaternary  material  systems  has 
been  reported  recently  [20].  The  intermixing  of  Ino  53Gao,47As/InP  has  been  modeled,  taking  into  account 
different  interdiffusion  rates  on  the  group  III  and  group  V  sublattice.  Error  function  distribution 
discussed  above  was  used  to  represent  the  composition  profile.  A  strained  QW  was  resulted  after 
intermixing.  Theoretical  results  showed  that  when  the  cation  interdiffusion  rate  is  faster  than  that  of  the 
anion,  the  ground-state  (Cl-HHl)  transition  shifts  to  longer  wavelengths.  For  prolonged  interdiffusion, 
this  shift  to  longer  wavelengths,  saturates  and  then  decreases.  This  is  in  good  agreement  with  the 
reported  experimental  results  of  Zn-diffused  disordering  [21-23]  as  well  as  thermal  annealing  of 
InGaAs/InP  QWs  [24].  When  the  anion  diffusion  rate  is  faster,  results  showed  that  the  effective  bandgap 
of  the  diffused  QW  would  be  the  Cl-LHl  ground  state  transition  which  shifts  to  shorter  wavelength  with 
interdiffusion.  The  tensile  strain  that  is  induced  under  these  disordering  conditions  which  moves  the  LH 
ground  state  above  the  HH  ground  state.  Results  obtained  Irom  these  calculations  showed  that  the  control 
of  relative  extent  of  cation  and  anion  interdiffusion  offers  different  possiblities  for  optoelectronic  device 
fabrication. 

Two  Phase,  Group  V  in  A,Bi.,CyDi.y  system 

Mukai  [26]  has  derived  a  formula  that  describes  the  two-phase  interdiffusion  mechanism  of  the 
quaternary  material  system  which  includes  the  different  interdiffusion  coefficients  between  layers  and 
interfacial  discontinuity  of  interdiffused  species.  The  formula  was  applied  to  analyze  the  dependence  of 
an  interdiffusion  induced  energy  shift  on  annealing  time,  annealing  temperature  and  well  width  in 
InGaAsP/InP  QWs.  Good  agreement  was  achieved  between  the  calculated  and  measured  values. 

Two  phase  Group  V  sublattice  interdiffusion  in  Ino  53Gao.47As/InP  QW  was  also  theoretically 
investigated  [27]  using  the  same  formulation  with  a  pseudo  time  dependence.  This  model  has  been 
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validated  with  an  even  better  agreement  with  experimental  results.  However,  perfect  fitting  can  not  be 
obtained  and  further  work  must  be  continued. 


Multiple  Species,  Group  m 

The  most  recent  analysis  on  multiple  cations  interdiffusion  in  Ino.5jGao47As/Ino.52Al<,4,As  is 
performed  using  a  model  base  on  the  expanded  form  of  Pick’s  second  law  [28]: 


a  q 
a  / 


>1 


where  n  =  the  number  of  diffusable  species,  C  is  the 
indium  concentration.  Do  is  the  difhisivity  when  no 
stress  is  applied.  The  model  is  fitted  to  the  measured 
concentration  data  in  order  to  determine  their  difhision 
coefficients.  It  was  found  that  the  Ga-Ga  diffusion 
coefficient  is  relatively  large  in  comparison  to  the  other 
rates  so  that  the  Ga  concentration  profiles  show  a  more 
broadened  distribution  after  annealing  (see  Fig.  5).  The 
In-Ga  diffusion  is  fund  to  be  negative  which  gives  rise 
to  the  inverse  process  of  diffusion,  causes  sudden  abrupt 
change  in  the  In  profiles  at  the  interfaces.  Again,  further 
experimental  work  should  be  done  to  enable  a  large  set 
of  data  to  be  fully  analyzed. 


BAND  STRUCTURE 


Fig.  5 


Effects  of  interdiffusion  on  the  subbands  in  an  AlGaAs/GaAs  QW  has  been  investigated 
theoretically  [29]  in  which  the  subband  energies  and  wave  functions  in  an  interdiffusion-induced 
AlGaAs/GaAs  single  quantum  well  structure  were  calculated.  The  confinement  profile  was  modeled  by 
an  error  function.  The  spatially  dependent  electron  effective  mass  was  taken  into  consideration  using  a 
non-parabolic  band  model  derived  from  a  fourth-order  expansion  in  k  with  the  coefficients  determined 
using  a  14-band  calculation.  The  valence  subband  mixing  between  the  heavy  and  light  holes  were  also 
considered.  It  was  found  that  subband  properties  of  the  nonsquare  QW  was  different  from  that  of  the 
conventional  SQW.  First  of  all,  the  subband-edge  energy  will  initially  increase  and  then  decrease  with 
interdiffusion,  which  could  be  explained  by  the  evolution  of  the  nonsquare  QW  shape  in  terms  of 
crossover  point,  which  is  defined  as  the  confinement  profile  intersection  at  the  well  barrier  interface  of 
the  as-grown  and  interdiffused  QWs.  Enhancement  of  interband  transition  is  predicted  for  the  off- 
diagonal  selection  rule  at  the  initial  stages  of  interdiffusion,  and  a  reduced  confinement  of  the  wave 
function  was  also  observed.  Lastly,  the  enhancement  of  the  lowest  energy  light-hole  negative  mass  was 
also  obtained.  The  non-monotonic  behavior  of  the  subband-edge  energies  suggested  hat  when  only  the 
lowest  interband  energy  was  used  to  characterize  the  interdiffusion  process,  errors  arc  likely  to  occur. 
Analysis  has  also  been  done  on  InGaAs/GaAs  QW  and  InGaAs/InP  QW  structures  [30,3 1]. 

FAR-IR  OPTICAL  PROPERTIES 

The  first  theoretical  study  of  the  linear  and  nonlinear  intersubband  absorption  coefficients  in 
AlGaAs/GaAs  DFQW  was  reported  by  Li  [59]  following  the  first  observation  of  an  interdiffusion  shifted 
intersubband  transition  energy  by  Ralston  [60],  see  Fig.  6.  Results  indicated  that  the  well  shape  variation 
can  provide  a  large  tuning  wavelength  range  in  the  far  IR  region  with  an  almost  constant  absorption.  This 
DFQW  structure  can  be  used  to  produce  a  wide  bandwidth  detector.  The  DFQW  structure  can  also 
provide  lower  leakage  currents  due  to  reduced  tunneling  between  the  wells  since  the  barrier  thickness  at 
the  ground  state  energy  is  always  thicker  than  that  at  the  excited  state  energy.  Effects  of  interdiffusion  on 
the  intersubband  optical  properties  in  a  modulated  doped  QW  structure  have  also  been  investigate 
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theoretically  [32].  Linear  and  nonlinear  intersubband  electroabsorption  and  the  change  in  refractive  index 
with  different  well  width,  doping  concentration.  Aluminium  concentration  ration  in  AlGaAs/GaAs  QW 
were  studied.  A  wide  tuning  range  has  been  predicted  which  can  be  applied  to  the  realization  of  multi¬ 
color  and  broadband  photodetector.  More  recently,  a  DFQW  has  been  employed  to  predict  the 
enhancement  of  the  third-harmonic  susceptibility  to  an  extent  that  it  is  six  times  better  than  the  case  of 
GaAs  [33].  The  obtained  enhancement  is  as  high  as  2700  (nmA0^  as  shown  in  Fig.  7,  and  may  also 
be  carefully  varied  to  produce  a  tuning  range.  However,  there  are  still  technical  problems  in  fabricating 
with  a  high  yield  and  low  price. 
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Fig.  6  and  7  show  the  enhancement  of  in  which  shifting  of  intersubband  absorption  resonance  occurs. 


INTER-BAND  IR  OPTICAL  PROPERTIES 


Absorption 

The  most  recent  experimental  work  of  partially  intermixed  QW  waveguides  is  performed  in  1989 
[34],  with  the  incident  focused  laser  beam  polarized  both  parallel  (TE)  and  perpendicular  (TM)  to  the 
plane  of  the  QW  layers.  These  spectra  show  the  polarization  anisotropy  characteristic  of  QW  absorption. 
In  the  TE  spectra,  both  the  Ih  and  hh  excitons  appear  while  in  the  TM  spectra,  the  hh  exciton  disappears 
and  the  Ih  exciton  absorption  strength  increases.  The  intermixing  induced  band-edge  shifts  are  clearly 
seen.  There  are  theoretical  studies  in  which  a  hyperbolic  function  has  been  used  to  model  the 
confinement  profile  of  a  disordered  Alo.3Gao,7As/GaAs  QW  [54]  and  results  predict  a  different  absorption 
spectra  for  the  TE  and  TM  polarization,  and  which  is  in  good  agreement  with  published  measurements 
near  the  absorption  edge.  In  a  more  recent  investigation,  theoretical  calculations  are  performed  on 
polarized  absorption  coefficients  of  interdiffused  AlGaAs/GaAs  MQW  [55].  Calculations  were  made 
without  any  approximation  or  presumption  of  the  eigenstates.  Results  showed  that  for  diffusion  length 
ranging  from  lOA  to  30A,  the  blue  shift  of  the  absorption  edge  is  larger.  The  two  dimensional  QW 
properties  were  strongest  in  the  beginning  of  interdiffusion. 

Refractive  Index 

The  effect  of  boron  and  fluorine  IID  on  nR  of  AlGaAs  MQW  was  studied  experimentally  [39]. 
Substantial  changes  of  >  1%  in  the  refractive  index  were  obtained  in  partially  disordered  material  over 
the  measured  wavelength  range.  This  implies  that  fluorine  produces  larger  change  than  boron  for  similar 
annealing  conditions.  A  few  years  later,  experiment  has  been  performed  to  investigate  the  effect  of  Zn 
IID  on  the  refractive  of  AlGaAs/GaAs  MQWs  [38].  This  is  a  structure  consisting  of  several  uncoupled 
MQW  ridge  waveguides  with  tapered  disordering  across  the  transverse  direction  was  employed.  The 
refractive  index  changes  have  been  deduced  as  a  function  of  the  Ga/Al  interdiffusion  length  by  the  use  of 
an  interference  technique.  A  maximum  index  change  of  0.083  and  0.062  was  measured  for  significant 
disordering  (Lj  =  6.6  nm)  at  35  and  100  meV  below  the  band  edge  energy  of  the  as-grown  MQW 
respectively. 
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Moreover,  the  polarization  dependent  refractive  index  for  both  Al^jGaojAs/GaAs  and 
looiGaojAs/GaAs  single  QWs  arc  calculated  [36,37].  The  confinement  profile  for  the  AlojGao  7As/GaAs 
DFQW  is  modeled  by  an  error  function  and  n^  is  determined  by  the  real  and  imaginary  parts  of  the 
dielectric  function  including  contributions  from  the  F,  X  and  L  Brillouin  zones.  It  was  found  that  at 
longer  wavelengths,  n^  decreases  with  increasing  intcrdiflusion  which  normally  i»ovidcs  a  positive  index 
step  with  respect  to  a  less  intcrdiffriscd  QW.  For  shorter  wavelengths,  the  wavelength  range  for  a  positive 
refractive  index  step  increases  as  the  extent  of  disordering  between  two  interdiffused  QWs  is  increasing. 
Polarization  dependent  n^  of  disordered,  strained  InGaAs/GaAs  single  QWs  was  also  calculated  using  the 
same  method  applied  to  Alo3Gao7As/GaAs  QW.  In  this  calculation,  decrease  in  refractive  index  with 
increase  in  the  extent  of  disordering  at  longer  wavelengths  was  observed.  These  structures  also  exhibit 
birefringence  in  a  range  of  wavelengths  from  the  QW  band-edge  to  barrier  band-edge,  which  decreases 
with  interdiffusion. 


Electro-absorption  and  Electro-Optic 

There  has  been  one  experimental  measurement  on  perpendicular  field  electroabsorption  in 
GaAs/AlGaAs  QW  structures  [34]  which  have  been  modified  via  partial  interdiffusion  of  the  well  and 
barrier  layers.  Quantum  well  Stark  effect  has  been  observed  in  the  DFQW  where  the  room  temperature 
exciton  peaks  are  blue  shifted  by  at  least  40  meV  via  partial  layer  interdiffusion.  On  the  other  hand,  the 
Quantum  well  Stark  effect  has  also  been  analyzed  theoretically  in  an  AlGaAs/GaAs  DFQW.  Results 
showed  a  twofold  enhancement  of  the  Stark  shift  for  the  interdiffused  QW  over  that  of  the  square  QW 
for  the  same  50  kV/cm  applied  field  [56],  Excitonic  absorption  peak  also  shows  a  much  larger  reduction 
with  increasing  applied  field  in  the  more  extensively  DFQWs.  These  characteristics  may  be  used  to 
realize  optical  modulators  with  high  on/off  ratio  and  lower  drive  voltage. 

In  1995,  electric  field  induced  refractive  index  change  and  absorption  coefficient  change  in  TE 
polarization  are  analyzed  at  room  temperature  for  various  interdiffusion  modified  Al<,jGao.7As/GaAs 
QWs  was  also  studied  [35].  For  small  and  medium  interdiffusion  lengths  with  fields  of  100  and  50 
kV/cm,  respectively,  improved  chirping  and  electroabsorption  can  be  obtained.  In  addition,  in  a  selected 
set  of  interdiffusion  lengths  and  fields,  the  material  can  be  used  for  an  electroabsorption  modulator  with 
reduced  chirping  in  a  wide  range  of  operation  wavelengths. 

Optical  Gain 

Analyses  are  performed  on  laser  gain  and  current  density  at  room  temperature  for  intermixed 
Alo.3Ga<,  7As/GaAs  single  quantum  well  structures  [41].  It  was  observed  that  small  amount  of  intermixing 
wili  not  affect  the  lasing  quality  much.  Both  the  peak  gain  and  current  density  remain  about  the  same 
strength.  However,  for  larger  amount  of  intermixing,  the  lasing  will  diminish.  A  wide  wavelength  tuning 
range  of  55  nm  can  be  obtained  without  greatly  affecting  the  quality  of  the  lasing  properties.  Application 
of  selective  disordering  to  integrated  optoelectronics  devices  on  a  planar  substrate  can  be  achieved. 

DEVICES 

Distributed  Feedback  (DFB)  Lasers 

The  realization  of  gain  coupled  DFB  lasers  using  the  method  of  masked  implantation  induced 
QW  intermixing  was  demonstrated  [57].  The  combination  of  Electron  Beam  Lithography  and  the 
implantation  enhanced  intermixing  was  successfully  applied  in  the  fabrication.  It  was  found  that  the 
GalnAs/AlGalnAs  material  system  has  a  high  potential  for  tunable  optoelectronic  devices.  A  detail 
investigation  on  the  integration  processing  steps  such  as  implantation,  subsequent  annealing  and  re¬ 
growth  with  InP  (MOVCD)  was  presented.  Enhancement  of  side  mode  suppression  ratio  (SMSR)  in  V4 
shifted  DFB  laser  using  DFQW  is  also  proposed  (Fig.  6).  The  suppression  ratio  can  be  increased 
significantly  by  introducing  diffusion  step  along  longitudinal  direction  of  QW  active  region.  Results 
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show  that  large  kL  (>2.6)  devices  with  step  refractive  index  profile  will  exhibit  stable,  single-mode 
operation.  The  maximum  power  for  single  mode  operation  is  obtained  for  >50  mW  [42]. 

Vertical-cavity  surface-emitting  lasers  (VCSEL) 

In  the  past  two  years  the  performance  of 
VCSELs  has  dramatically  improved.  Following  the 
discovery  of  using  IID  for  carrier  confinement  in 
edge-emitting  lasers,  recently,  there  is  an 
investigation  on  the  dielectic-apertured  VCL 
structure  (see  Fig.  8)  using  Zn  IID  to  modify  the 
perimeter  of  the  QW  active  region  for  achieving 
enhanced  carrier  confinement  [7]. 

Fig.  8  [7] 

The  laser  is  tested  and  it  was  found  that  threshold  currents  as  low  as  0.67  mA  is  obtained  for  IID- 
defined  VCLs.  The  performance  of  IID-VCLs  has  been  compared  to  air-gap  apertured  VCLs  fabricated 
from  adjacent  material  from  the  same  wafer.  SEM  images  of  the  active  region  and  near  field  EL 
measurements  indicated  that  the  Zn-IID  has  resulted  in  confinement  of  the  carriers  in  the  lasers  and  such 
confinement  should  enable  the  generation  of  smaller  diameter  VCLs  in  the  future. 

Fabry-Perot  Lasers 

A  multiple  wavelength  Fabry-Perot  Laser  was  fabricated  by  vacancy  enhanced  QW  disordering 
which  involves  the  use  of  a  dielectric  cap  annealing.  The  device  structure  consists  of  a  Si  doped  GaAs 
substrate,  followed  by  a  1.1  pm  thick  large  gap  Alo.gGao.zAs  cladding  layer  and  a  165  nm  small  gap 
Alo.aGao^As  core  containing  single  GaAs  QW  (7nm).  Lasing  wavelength  was  selectively  shifted  by  20nm 
compared  with  fabrication  by  as-grown  material.  SrFj  capped  laser  will  consume  14  mA  but  only  10  mA 
for  SiOj  capped  laser  [43].  Theoretical  analysis  was  also  performed  in  which  Fabry  Perot  semiconductor 
laser  with  periodic  change  in  the  extent  of  interdiffusion  along  the  longitudinal  direction  of  the  Quantum 
Well  active  region  is  proposed  to  improve  the  discrimination  between  cavity  modes  [58]. 

IID  Ridge-waveguide  (RW)  Lasers 

Si-induced  disordering  is  used  in  producing  the  InGaAs/GaAs  QW  ridge-waveguide  lasers  via 
lateral  confinement.  The  ridge  stripe  is  etched  by  pure  CI2  plasma  to  form  a  ridge  stripe.  Zn  diffusion  is 
processed  at  620  for  20  minutes.  Threshold  current  as  low  as  0.7  mA  for  pulsed  operation  and  0.9  mA 
for  cw  operation  was  achieved.  Comparing  with  the  IID  RW  laser  with  conventional  ones,  great 
improvement  in  internal  loss  can  be  seen  although  there  is  a  reduction  of  the  internal  quantum  efficiency 
with  respect  to  the  conventional  ones.  Leakage  current  and  threshold  current  for  IID  RW  are  both  lower 
than  that  of  conventional  RW  laser  [6]. 

Vertical-cavity  Fabry-Perot  reflection  modulator 

A  Fabry-Perot  reflection  type  modulator  which  uses  interdiffused  AlGaAs/GaAs  quantum  wells 
as  the  active  cavity  material  has  been  studied  and  optimized  theoretically  [44].  An  asymmetric  Bragg 
reflector  structure  (modeled  by  transfer  matrices),  with  a  doped  depletion  layer  in  the  hetero structure,  has 
been  considered.  This  is  the  first  study  to  model  such  material  system  in  this  type  of  modulator,  and  the 
results  show  improvement  in  modulation  property  over  the  conventional  rectangular  quantum  well 
modulator.  In  particular,  the  change  of  reflectance  in  the  diffused  quantum  well  modulator  is  almost  0.6 
to  0.7,  which  is  higher  than  that  of  the  typically  available  values  (~0.4  to  0.6),  while  the  OFF-state  on- 
resonance  reflectance  is  almost  close  to  zero.  The  operation  voltage  is  also  reduced  by  more  than  half, 
due  to  a  higher  tunneling  rate  of  electrons,  in  the  large  extensively  diffused  quantum  wells.  The  finesse 
of  the  more  extensively  diffused  quantum  well  also  improves.  Both  of  these  features  improve  the  change 
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of  the  reflectance  in  the  modulator.  The  operation  wavelengths  can  be  adjusted  over  a  range  of  lOOnm. 
However,  the  absorption  coefficient  change  of  the  diffused  quantum  well  increases  only  when  there  is  a 
small  amount  of  interdiffiision. 


Superluminescent  Diodes 

A  broad-spectrum  LED  was  fabricated  by  high- 
energy  ion  implantation  (IMeV  P'^-ions)  using  a  SiOj 
mask  (a  few  micron  of  thickness)  [8].  Annealing  is  then 
performed  at  700  ®C  for  90  seconds.  The  device  (Fig.  9) 
is  then  etched  into  a  ridged  structure  to  improve  guiding. 
An  increase  in  the  emission  full-width-half-maximum 
from  28  nm  to  90  nm  was  observed.  Emitted  power  of 
the  diode  will  increase  with  the  current. 


Fig.  9  [8] 


Waveguide 

In  1994,  a  novel  waveguide  polarization  mode  splitter  using  refractive  index  changes  induct  by 
superlatticc  disordering  has  been  produced  [45].  The  operation  principle  of  this  splitter  is  based  on  the 
polarization-dependent  refractive  index  changes  induced  by  disordering  InGaAs/InP  sulerlattices  using 
Si3N4  cap-annealing  method.  One  attractive  feature  of  this  slpittcr  is  that  it  requires  no  electrical  control 
and  is  suitable  for  semiconductor  monolithic  integrated  circuits.  In  1995,  a  report  [46]  on  an  InGaAs/InP 
QW  waveguide  which  is  intermixed  by  using  MeV  phosphorous  ion  implantation.  The  bandgap  is  blue 
shifted  by  90  nm  in  all  planar  process. 

Infrared  Photodetector 

The  barrier  layer  and  well  of  an  infrared  photodetcctor  are  partially  intermixed  and  peak 
detection  wavelength  is  red  shifted  [47].  Successive  annealing  at  850  ®C  were  used  to  tune  the  8.13^m 
detector  to  9.13  pm  continuously.  The  layer  structure  is  grown  by  MBE  on  semi-insulating  GaAs 
substrate.  Each  of  the  32  periods  of  QW  consists  of  346A  AlGaAs  barriers  and  58A  GaAs  well.  The  peak 
absorption  strength  reduces  with  increasing  annealing  time  fom  6%  to  4%,  but  the  overall  quantum 
efficiency  remains  steady.  The  increase  in  dark  current  is  mainly  due  to  the  details  of  subband  energies 
and  diffusion  of  Si  through  the  layer  structure  can  lower  the  device  resistivity.  The  peak  detection 
wavelength  of  the  DFQW  detector  is  beyond  the  half  maximum  point  of  that  of  the  as-grown  QW  device. 
This  indicates  a  clear-cut  band-gap  tuning  between  the  two  structures  without  crosstalk  noise.  The 
modified  detector  has  responsivity  comparable  to  as-grown  material  with  larger  spectral  linewidth. 

There  is  also  a  theoretical  analysis  of  the  intersubband  infrared  photodector  performance  for 
various  stages  of  interdiffiision  in  AlGaAs/GaAs  QW  [40].  It  was  found  that  the  absorption  strength  and 
responsivity  are  enhanced  for  certain  extents  of  interdiffiision  and  the  peak  detection  wavelengtfi  red 
shifts  continuously  with  a  large  tunable  range  from  7  to  38.4  um.  The  dark  current  is  at  an  acceptable 
value  for  small  diffusion  extent. 

Solar  Cell 

Enhancement  of  energy  conversion 
efficiency  and  spectral  response  by  using 
interdiffused  HI-V  semiconductor  QW  in 
photovoltaic  device  is  proposed  (see  Fig.  10). 

Calculations  were  based  on  an  ideal  solar  cell 
model.  The  spectral  response  and  energy  efficiency 
arc  enhanced  significantly  by  the  DFQW  structure. 

Fig.  10  [48] 


362 


Therefore,  in  view  of  the  advances  in  the  MBE  and  MOCVD  growth  techniques,  DFQW 
photovoltaic  device  could  provide  a  new  approach  to  the  high  efficiency  solar  cell  [48]. 


CONCLUSION 

It  can  bee  seen  that  DFQW  has  introduced  a  very  promising  future  in  optoelectronics.  In  fact, 
development  has  advanced  not  only  in  improving  performance,  reliability,  and  integration  of  existing 
optical  components,  but  also  for  cultivating  novel  optical  functions.  A  planar,  compatible  OEIC  in  which 
a  variety  of  different  optical  and  electronic  devices  are  composed  of  a  common  MQW  structure,  is 
proposed.  It  has  been  demonstrated  that  this  concept  is  expected  to  be  applicable  to  long-wavelength 
materials  such  as  AlInAs/InGaAs  and  InGaAsP/InP  MQW  and  is  believed  to  focus  an  important 
direction  of  OEIC  structure  towards  high  performance  and  productivity.  Another  aspect  which  is  of 
interest  will  be  photonic  integrated  circuits.  Integration  of  InGaAs/InP  MQW  laser  and  a  low-loss 
waveguide  in  the  long-wavelenght  region  with  high  coupling  efficiency  using  a  cap-on-source-annealing 
technique  has  succeeded.  This  integration  technique  does  not  require  a  re-growth  process,  and  it  should 
prove  useful  for  a  variety  of  integrated  devices,  including  mode-locked  lasers  and  lasers  integrated  with 
optical  modulators.  In  the  future,  further  device  enhancement  and  progressions  are  expected.  In  addition, 
wavelength  demultiplexing  moduator  is  foreseen  as  a  new  area  of  development. 
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Abstract 

Compositional  interdiffusion  in  Alo.3Gao7As/GaAs  superlattice 
structures  with  equal  3.5  nm  barrier  and  well  widths  induced  by  Si  focused 
ion  beam  implantation  and  subsequent  rapid  thermal  annealing  has  been 
modeled.  A  strong  depth  dependence  of  the  mixing  process  is  observed  at  a 
Si++  energy  of  100  keV  and  at  a  dose  of  IxlO^^  cm‘2;  this  depth  dependence 
is  modeled  by  considering  the  second  derivative  of  the  vacancy  profile. 
That  is  the  maximum  in  the  vacancy  injection  generated  by  the  transient 
vacancy  concentration  gradient.  We  have  included  the  dynamics  of  the 
spatial  vacancy  profile  in  the  model  and  find  good  agreement  with 
experimental  results. 

Interdiffusion  across  the  well /barrier  interfaces  modifies  the 
subband  structure  in  AlGaAs/GaAs  single  quantum  well  (QW)  structures. 
We  have  investigated  the  interrelated  changes  in  both  confinement 
energy  of  the  subband  states  and  the  composition  dependence  of  the 
bandgap  energy  in  the  QW,  both  of  which  are  a  strong  function  of  the 
initial  well  width.  Higher  order  transitions  are  found  to  be  more  sensitive 
than  the  ground  state  transitions  to  interdiffusion  especially  during  the 
early  stages  of  interdiffusion.  These  calculations  model  the  experimental 
measurements  (photoluminescence  and  photoreflectance)  which  are  used 
to  characterize  interdiffused  QW  structures. 

L  Introduction 

The  modification  of  the  optical  properties  of  quantum  well  (QW) 
structures  by  post  growth  thermal  techniques  is  of  both  intrinsic 
importance  and  of  direct  relevance  for  the  fabrication  and  integration  of 
QW  devices  for  optoelectronic  applications.  Compositional  and 
confinement  profiles,  and  thus  the  subband  and  optical  properties  of  the 
QW,  for  instance,  can  be  tailored  by  the  controlled  thermal  interdiffusion 
of  atoms  across  the  QW  heterointerfaces. 
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A  key  to  understanding  the  nature  of  interdiffusion  and  its  use  i  n 
the  design  of  devices  is  the  understanding  of  the  variation  of  the  optical 
properties  of  QW  structures  with  interdiffusion.  We  have  studied  the 
effects  both  the  nature  of  compositional  diffusion  and  the  eiBFect  of 
interdiffusion  on  the  carrier  confinement  profile  for  a  series  of 
AlGaAs/GaAs  single  QW  (SQW)  structures.  We  briefly  review  some  of 
our  recent  modeling  efforts  on  the  nature  of  compositional  mixing  in 
AlGaAs/GaAs  superlattices  and  report  on  modeling  calculations  of  the 
subband  energy  level  structure  after  interdiffusion  in  SQWs. 


II.  Modeling  of  Compositional  Mixing 

The  understanding  of  compositional  mixing  is  important  for  the 
design  and  fabrication  of  a  wide  range  of  nanostructures,  from  optical 
waveguides,  to  DBR  and  DFB  lasers,  to  quantum  wires.  The 
compositional  mixing  discussed  here  is  that  induced  by  ion  implantation 
followed  by  rapid  thermal  annealing.  The  A1  diffusivity  in  implanted 
AlGaAs/GaAs  superlattices  may  be  enhanced  in  by  orders  of  magnitude, 
leading  to  its  use  in  creating  optoelectronics  structures. 

We  very  briefly  review  two  models  that  have  been  advanced  to 
explain  compositional  intermixing  and  identify  a  new  phenomenological 
term  in  the  interdiffusion  description  that  is  necessary  to  explain  data 
obtained  by  several  research  groups  [1-3].  Each  of  these  models  proceeds  in 
two  steps.  Firstly  the  distribution  of  implanted  ions  and  vacancies  (a  key 
to  the  mixing  mechanism)  are  calculated,  and  the  effects  of  the  rapid 
thermal  annealing  is  calculated  by  solving  the  diffusion  equations 
simultaneously  for  the  A1  and  vacancy  distributions,  which  have  been 
given  by,  Kahen  and  Rajeswaren  [3],  are  : 


dt  ''  dx^  T 


(1) 


dCAt 

IT 


dCAi 

dx 


), 


(2) 


where  Dv  is  the  vacancy  thermal  equilibrium  diffusion  constant,  C^i  is  the 
A1  lattice  site  concentration,  and  the  transient  A1  diffusion  coefficient  is 
given  by : 


DM^Xyi)  = 


(3) 
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where  D;ij  eq  is  the  thermal  equilibrium  A1  diffusion  coefficient.  This 
model  provides  a  description  of  many  of  the  salient  experimental  results. 

However,  Chen  and  Steckl  [4]  noted  that  the  depth  dependence  of 
the  intermixing,  as  seen  in  secondary  ion  mass  spectroscopy  (SIMS)  results, 
was  not  accurately  predicted.  In  particular,  the  measured  depth 
dependence  displayed  a  region  of  greater  mixing  (a  "pinch-off"  region) 
near  the  region  where  the  second  derivative  of  the  vacancy  concentration 
was  a  maximum.  Thus  they  were  led  to  propose  a  modification  to  the  A1 
diffusivity,  replacing  Eq.  3  above  with  : 

DAi(x,t)  =  -  0  j.  (4) 

Physically,  this  equation  suggests  that  the  interdiffusion  during  rapid 
thermal  annealing  is  affected  by  the  movement  of  vacancies  due  to  the 
implantation-induced  gradient.  Although  no  calculations  were  carried 
out  using  this  equation,  the  dependence  on  the  second  derivative  of 
vacancy  concentration  clearly  provides  for  a  pinch  off  region  in  the  depth 
dependence  of  the  intermixing.  Calculations  using  the  Kahen  et  al.  [3] 
model  cannot  provide  the  observed  pinch  off  region. 

We  suggest  a  different  phenomenological  equation  for  the  Al 
diffusivity: 


DAi{x,t)  =  DAi..qQxp^P^y  (5) 

This  diffusivity  is  different  from  that  in  Eq  3  since  here  the  rate  of  change 
of  the  vacancy  concentration  is  important,  but  is  connected  to  the 
diffusivity  of  Eq  4  in  that  enhanced  interdiffusion  will  be  predicted  at 
certain  depths. 

Gass  and  Jackson  have  carried  out  extensive  numerical  calculations 
of  the  interdiffusion  versus  depth  as  a  function  of  time  [5].  For  example, 
for  a  superlattice  of  3.5  nm  AIq  3  Gao7  As  barriers  and  3.5  mn  GaAs  wells 
(similar  to  that  used  by  Chen  and  Steckl),  we  predict  a  largely  unmixed 
region  near  the  surface,  followed  by  a  pinch-off  region,  followed  by  an 
increasingly  unmixed  region  as  the  depth  increases,  a  result  distinctively 
in  contrast  to  the  model  of  Kahen  et  al.  Figure  1  displays  a  snapshot  of  the 
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interdiffusion  at  t  =  4s  using  the  parameters  =  0-1  nm^/s,  Dy  =  1000 

2  3 

nm  /s  and  Cy^eq  =  (l/250)/nm  calculated  with  the  two  models. 
r-1 - I - ^ - 1 - - - 1 — ^ ^ — n 


0.0 1-  '  .  RKL  model 


U _ ^ _ I - - - 1 - - - 1 - - - 1 - ^ - lJ 

0  50  100  ISO  200  250 

Depth  (nm) 

Fig.  1 :  Plot  of  relative  aluminum  concentration  versus  depth  (nm)  after  4 
seconds  of  interdiffusion,  using  the  parameters  given  in  the  text.  The 
dotted  line  is  the  result  of  calculations  using  the  Kahen,  Rajeswaran,  Lee 
model  and  the  solid  line  is  the  result  of  calculations  using  the  model  of 
Gass  and  Jackson  (see  text). 

III.  Energies  of  Interdiffused  Single  Quantum  Well  Structures 

Interdiffusion  across  the  well/barrier  interfaces  modifies  the 
subband  structure  in  AlGaAs/GaAs  single  quantum  well  structures.  The 
modification  of  material  properties  that  accompanies  such  interdiffusion 
is  the  basis  for  a  variety  of  devices  from  optical  channel  waveguides  to 
laser  diode  structures.  We  have  investigated  the  interrelated  changes  in 
both  the  confinement  energy  of  the  subband  states  and  the  composition 
dependence  of  the  bandgap  energy  in  the  QW;  they  are  a  strong  function  of 
the  initial  QW  width.  To  simply  the  problem  we  considered  only  SQW 
structures  in  these  calculations.  An  understanding  of  interdiffusion  in 
QWs  provides  a  detailed  understanding  of  the  widely  used  experimental 
characterization  probes  of  photoluminescence  and  photoreflectance. 

The  theoretical  model  of  Li  et  al.  [6]  was  used  to  calculate  the  effects 
of  interdiffusion  on  the  subband  states  and  thus  the  interband  transitions 
of  AlGaAs/GaAs  SQW  structures.  This  model  structure  has  a  GaAs  SQW 
with  varying  well  widths  (Ljj)  bounded  on  both  sides  by  1(X)  nm  AIq  j  Ga^  7 
As  barrier  layers.  Changes  in  the  subband  energy  states  were  calculated  for 
different  values  of  the  interdiffusion  length  L^  (where  L^  =  (  D  f  )'^^  ,  D  is 
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the  temperature  dependent  Al-Ga  interdiffusion  coefficient,  and  t  the 
annealing  time),  by  solving  the  Schrodinger  equation  using  a  finite 
difference  method. 

An  example  of  our  results  is  shown  in  Figure  2,  where  we  show  the 
transition  energies  for  the  ground  state  transition  as  a  function  of  the 
normalized  diffusion  length  (L^/  Lz)  where  Lz  is  2.5  run. 


Fig.  2  :  The  variation  of  the  ground  state  transition  energy  (solid  line)  as  a 
function  of  the  normalised  diffusion  length.  The  dashed  and  dotted  lines 
represent  the  contributions  of  the  confinement  and  compositional  energy 
changes  to  the  ground  state  transition  energy. 

The  measured  transition  energy  includes  changes  in  both  the 
confinement  and  compositional  energies.  These  two  competing  effects, 
essentially  the  effective  interdiffused  well  width  and  the  effective 
interdiffused  well  depth,  dominate  for  differing  and  differing  L^,  but 
initially  changes  in  the  confinement  effect  dominate. 

Similar  calculations  have  been  carried  out  for  the  higher  order 
transitions  where  we  find  increased  sensitivity  and  a  dependence  on  the 
electron-hole  spatial  probability  distributions.  A  more  detailed  description 
of  these  results  is  presented  elsewhere  [7]. 


369 


IV.  Summary 

We  have  explored  theoretical  modeling  of  both  the  ruiture  and 
effects  of  compositional  interdiffusion  on  the  energy  subbands  of  an  SQW 
structure.  We  suggest  that  the  observed  depth  dependence  of 
compositional  interdiffusion  may  require  a  new  description  which 
includes  an  additional  term  to  describe  an  enhanced  interdiffusion  region. 
Calculations  of  interdiffusion  in  an  AlGaAs/GaAs  SQW  provide  the 
explicit  dependence  on  the  interdiffusion  length  L^/  identify  regions  where 
either  the  confinement  or  the  concentration  effects  dominate,  and  suggest 
that  higher  order  transitions  are  more  sensitive  to  these  effects. 
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ABSTRACT 

Theoretical  results  are  presented  showing  how  quantum  well  disordering  affects  the  TE 
and  TM  absorption  coefficient  spectra  of  Ino53Gao47As/InP  single  quantum  wells.  An  error 
function  distribution  is  used  to  model  the  constituent  atom  composition  after  interdiffusion. 
Different  interdiffusion  rates  on  the  group  V  and  group  III  sublattices  are  considered  resulting 
in  a  strained  structure.  With  a  suitable  interdiffusion  process  the  heavy  hole  and  light  hole 
ground  state,  excitonic  transition  energies  merge  and  the  absorption  coefficient  spectra  near  the 
fundamental  absorption  edge  become  polarization  insensitive.  The  results  also  show  that  this 
polarization  insensitivity  can  persist  with  the  application  of  an  electric  field,  which  is  of 
considerable  interest  in  waveguide  modulators. 


INTRODUCTION 

There  is  increasing  interest  in  polarization  independent  modulators  for  optical 
communication  systems  since  optical  signals  propagating  along  optical  fibres  do  not  usually 
maintain  light  polarization.  New  high-speed  applications  such  as  in-line  optical  pulse  reshaping 
and  retiming,  and  optical  demultiplexing  [1]  require  polarization  insensitivity.  Semiconductor 
quantum  well  (QW)  optical  modulators,  which  utilize  the  quantum-confined  Stark 
effect  (QCSE),  offer  the  potential  of  enhanced  device  performance  such  as  high  on/off  ratios, 
low  driving  voltages,  and  small  device  sizes  [2,3],  and  are  suitable  for  monolithic  integration 
with  other  semiconductor  optical  devices  [4].  However,  in  waveguide  modulators  where  light 
propagates  parallel  to  the  QW  plane,  optical  absorption  exhibits  strong  polarization  dependence 
since  TE  polarization  interacts  mainly  with  heavy  holes  while  TM  polarization  interacts  with 
light  holes.  This  polarization  sensitivity  can  be  reduced  if  degeneracy  of  the  heavy-  and  light- 
hole  exciton  peaks  is  achieved  through  bandgap  engineering. 

QW  disordering  in  III-V  semiconductors,  which  results  in  the  interdiffusion  of  constituent 
atoms  across  the  well-barrier  heterointerfaces,  offers  the  potential  of  continuous  modification  of 
the  material  bandgap,  and  hence  of  vaiying  the  absorption  edge,  in  localized  areas.  The  extent 
of  interdiffusion  and  thus  of  the  bandgap  modification  can  be  controlled  by  the  post-growth  QW 
disordering  process  parameters.  This  process  has  been  used  to  produce  lateral  photon 
confinement  in  lasers  and  optical  waveguides  [5],  shift  the  emission  wavelength  of  an  InP-based 
quantum  well  laser  structure  [6]  and  it  has  the  potential  to  improve  modulation  performance  by 
enhancing  the  on/off  ratio  and  lowering  the  drive  voltage  [7]. 

Tensile  strain  in  InGaAs/InP  QW  structures  can  be  used  as  a  tool  to  obtain  polarization 
independent  electroabsorption  [8].  Coherent  tensile  strain  reduces  the  energy  gap  between  the 
conduction  band  and  both  the  degenerate  valence  bands  and  the  spin-orbit  split-off  band,  and 
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at  the  same  time  causes  the  LH  band  to  move  towards  the  conduction  band  edge  and  the  HH 
band  to  move  away  from  the  conduction  band  edge.  One  approach  that  can  lead  to  the  merging 
of  the  heavy-hole  (HH)  and  light-hole  (LH)  ground  state  transition  energies  is  to  grow  lattice- 
matched  InGaAs/InP  QWs  and  then  use  post-growth  QW  interdiffusion  to  introduce  the  required 
tensile  strain. 

Experimental  results  of  the  disordering  of  InQ,iGao47As/InP  QW  structures  have  been 
interpreted  in  terms  of  three  different  interdiffusion  processes:  i)  comparable  interdiffusion  rates 
on  both  group  III  and  group  V  sublattices,  ii)  interdiffusion  on  group  III  sublattice  only,  and 
iii)  interdiffusion  on  both  sublattices  but  with  different  interdiffusion  rates  [9-12].  In  this  paper 
the  effects  of  different  interdiffusion  rates  on  the  two  sublattices  in  an  Ino,,Ga(j47As/InP  single 
QW  on  the  fundamental  absorption  edge  for  TE  and  TM  polarizations  are  modelled,  taking  into 
consideration  the  graded  compositional  profiles  and  the  strain  build  up  that  result  in  the 
interdiffused  QW  structure. 


COMPUTATIONAL  CONSIDERATIONS 


An  In(,„Ga<)47As  layer  sandwiched  between  thick  InP  barriers  is  considered  here.  The 
interdiffusion  processes  on  the  two  sublattices  are  modelled  by  two  different  interdiffusion 
lengths  [12].  The  interdiffusion  of  In  and  Ga  atoms  is  characterized  by  a  diffusion  length  L^j, 
which  is  defined  as  =  (Dt)'"^,  where  D  is  the  diffusion  coefficient  and  t  is  the  diffusion  time; 
the  interdiffusion  of  As  and  P  atoms  is  characterized  by  a  different  diffusion  length  Lj'.  Lattice¬ 
matching  to  InP  only  exists  for  In^Ga,.^ASyP,.y  materials  with  y  =  2.2(1  -  x)  [13],  so  that  for 
the  case  being  considered  here,  with  Lj'  ^  Lj,  a  strained  QW  structure  results.  After 
disordering,  the  composition  of  the  interdiffused  atoms  across  the  QW  is  assumed  to  have  an 
error  function  distribution  [14].  The  constituent  atom  compositional  profiles  can,  therefor,  be 
represented  as  follows: 


(i)  in  the  group  III  sublattice,  the  In  concentration  after  interdiffusion.  x(z).  is  described  by 

L„  -  2  z  _ 
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where  L^  is  the  as-grown  well  width,  z  is  the  growth  direction,  and  the  QW  is  centred  at  z  =  0. 


(ii)  in  the  group  V  sublattice,  the  As  compositional  profile  after  interdiffusion.  y(z).  is  given  by 
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where  y  =  1  is  the  As  concentration  of  the  as-grown  structure. 

The  compositional  profiles  in  the  disordered  QW  structure  imply  that  the  carrier  effective 
mass,  the  bulk  bandgap,  the  strain  and  its  effects  vary  continuously  across  the  QW. 
Consequently,  the  carrier  effective  mass,  w*/z),  is  now  z-dependent  and  is  obtained  from  m  ,(z) 
=  m  ,(x,y),  where  m  ^(x.y)  is  the  respective  carrier  In^Ga|,^ASyP,_y  bulk  effective  mass,  and  r 
denotes  either  the  electron  (C),  heavy  hole  (HH),  or  light  hole  (LH).  The  unstrained  (bulk) 
bandgap  in  the  well,  Eg(x,y),  is  also  a  function  of  the  compositional  profile,  so  that  the 
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unstrained  potential  profile  after  interdiffusion,  AEr(x,y),  varies  across  the  well  and  is  given  by 
AE,.(x,y)  =  Q,.  AE<,(x,y),  where  Q,.  is  the  band  offset  and  AEg  is  the  unstrained  bandgap  offset. 

The  carrier'^  confinement  profile  after  interdiffusion,  obtained  by  modifying  the  bulk 
postprocessing  potential  profile  with  the  variable  strain  effects,  is  determined  from  [15]: 

U^(z)  =  Q,.  [AEg(x,y)  -  Sj_  (x,y)]  ±  S|  |  r(x,y),  where  S^(x,y)  is  the  change  in  the  bulk 
bandgap  due  to  the  biaxial  component  of  strain,  and  Sn^Cx.y)  is  the  potential  corresponding 
to  the  HH-LH  band  edge  splitting  induced  by  the  uniaxial  component  of  strain.  S|  | 
and  S|  I  asymmetric  due  to  the  coupling  between  the  LH  and  split  off  band,  and 

S||c(x,y)  =  0.  The  detailed  expressions  for  S||HH(x,y)  and  S||LH(x,y)  are  derived  in  [15], 

The  electron  and  hole  subband  edge  structure  is  obtained  using  the  envelope  function 
scheme  by  introducing  these  variations  in  the  appropriate  one-electron  Schrodinger  equation, 
which  is  then  solved  numerically  to  obtain  the  subband  energy  levels,  the  interband  transition 
energies,  and  the  envelope  wave  functions.  Details  of  the  calculations  are  given  in  [15].  The 
absorption  coefficient  spectrum  near  the  fundamental  absorption  edge  is  next  calculated  taking 
into  consideration  the  ground  state  interband  and  1  S  exciton  optical  absorption  in  the 
interdiffused  structure,  where  the  HH  and  LH  related  1  S  exciton  binding  energies  and  wave 
functions  are  determined  by  a  perturbative-variational  method.  Details  of  these  calculations  are 
reported  in  [16]. 


RESULTS  AND  DISCUSSION 

The  structure  considered  here  is  an  undoped  Ino.^Gao^^As/InP  single  QW  layer,  with  an 
as-grown  width  L^  =  6  nm,  lattice-matched  to  thick  InP  barriers.  The  interdiffusion  process  is 
represented  by  the  condition  L/  =  2Lj. 

The  compositional  profile,  in-plane  strain,  and  carrier  confinement  profiles  for 
L/  =  2L,,  =  1.41  nm  are  shown  in  Fig.  1.  The  interdiffusion  on  the  group  V  sublattice  is  faster 
than  that  on  the  group  III  sublattice,  with  the  result  that  the  well  becomes  InGaAsP,  Fig.  1(a), 
with  constituent  atoms  compositional  profiles  that  give  rise  to  a  tensile  strain  in  the  interdiffused 
QW,  Fig.  1(b).  For  the  staicture  and  interdiffusion  conditions  considered  here  a  tensile  strain  of 
about  0.6%  is  induced  in  the  centre  of  the  well.  The  compositional  profile  also  causes  a 
compressive  strain  in  the  barrier  close  to  the  interface.  The  combination  of  the  unstrained 
bandgap  and  the  effects  of  the  strain  distribution  on  this  bandgap  gives  rise  to  the  confinement 
profiles  in  Fig.  1(c).  The  LH  potential  profile  is  shifted  towards  the  electron  (C)  potential  profile, 
while  the  HH  potential  profile  is  shifted  away  from  the  electron  potential  profile.  Under  these 
conditions  the  C-HH  and  C-LH  ground  state  transition  energies  coincide.  The  effects  of  the 
tensile  strain  induced  in  the  interdiffused  QW  on  the  HH  and  LH  confinement  profiles 
compensate  the  energy  level  splitting  of  the  HH  and  LH  ground  states  due  to  the  different  hole 
masses. 

The  TE  and  TM  absorption  coefficient  spectra  near  the  fundamental  absoi-ption  edge  are 
shown  in  Fig.  2,  without  the  application  of  an  electric  field  and  for  an  applied  field 
F  =  100  kV/cm.  The  exciton  peaks  shift  to  longer  wavelengths  with  the  application  of  the 
electric  field  reflecting  the  QCSE,  and  at  the  same  time  decrease  in  value.  In  the  interdiffused 
QW  an  enhanced  Stark  shift  can  result  compared  to  the  as-grown  QW  [7].  The  effective  width 
of  the  tilted  confinement  profile  experienced  by  the  electron  and  hole  ground  states  under  the 
action  of  the  applied  field  is  larger  in  the  interdiffused  QW  than  in  the  as-grown  QW.  As  a 
result  the  applied  field  lowers  the  ground  state  subbands,  and  thus  the  ground  state  transition 
energy,  to  a  greater  extent  in  the  interdiffused  QW.  The  figure  also  shows  that  the  fundamental 
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Fig.  1(a).  Composition  profile 
for  =  6  nm,  L^,'  =1.41  nm, 
with  well  centre  at  z  =  0. 


Fig.  1(b).  In-plane  strain  for 
the  interdiffused  QW. 


z  (nm) 
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absorption  edges  for  the  two  polarizations  are  quite  close  to  each  other  for  both  F  =  0  and 
F  =  100  kV/cm.  indicating  that  polarization  insensitive  electroabsorption  is  possible  in  the 
interdiffused  ItiGaAsP  QW  structure. 


Fig.  2.  Absorption  coefficient  spectra 
for  TE  and  TM  polarization  for  the 
interdiffused  InGaAs/InP  quantum  well 
at  Ljj'  =1.41  nm,  calculated  for 
applied  electric  field  F  =  0  kV/cm, 
solid  line  for  TE,  dotted  line  for  TM. 
and  F  =  100  kV/cm,  short-dash  for 
TE,  and  long-dash  for  TM. 


Fig.  3  shows  the  electric  field  dependence  of  the  absorption  coefficient  change  Aa  for 
TE  and  TM  polarizations  at  the  wavelength  X  =  1.305  pm  for  the  interdiffused  QW  structure, 
where  Aa  =  ttp  -  With  the  application  of  an  electric  field  the  absorption  change  increases 
consistently  and  a  significant  increase  in  Aa  results  at  F  =  100  kV/cm.  For  the  InGaAs/TnP  QW 
disordering  process  parameters  considered  here,  the  polarization  characteristics  of  the  absorption 
coefficient  change  are  quite  controlled  and  the  polarization  insensitivity  persists  even  at  the 
higher  electric  fields. 


Fig.  3.  Absorption  coefficient  change 
Aa  with  applied  electric  field,  where 
Aa  =  ap  -  for  TE  and  TM 

polarization,  for  X  =  1.305  pm 
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CONCLUSIONS 


The  interdiffusion  of  Inov,Gaf,47As/InP  QWs  as  an  approach  for  controlling  the 
polarization-sensitive  characteristics  of  the  absorption  coefficient  and  the  absorption  change  due 
to  the  QCSE  has  been  investigated  theoretically.  When  the  group  V  sublattice  interdiffusion  rate 
is  greater  than  the  group  III  sublattice  interdiffusion  rate  a  tensile  strain  results  in  the 
interdiffiised  QW,  leading  to  degeneracy  of  the  heavy-  and  light-hole  transition  energies.  Results 
presented  for  absoiption  coefficient  spectra  near  the  fundamental  absorption  edge,  and  for  the 
electric  field  dependence  of  the  absorption  coefficient  change,  indicate  that  optimization  of  the 
interdiffusion  process  can  lead  to  polarization-insensitive  modulation  at  particular  wavelengths. 
For  the  QW  structure  and  interdiffusion  parameters  considered  here  polarization  insensitivity  can 
be  achieved  around  1.3  pm,  by  inducing  a  0.6%  tensile  strain  in  the  centre  of  the  interdiffused 
InGaAsP  well.  This  can  be  a  promising  approach  for  polarization-insensitive  electroabsorption 
devices. 

ACKNOWLEDGEMENT 

This  work  was  supported  in  part  by  the  RGC  Earmarked  Research  Grant  of  Hong  Kong, 
and  the  William  Mong  Visiting  Research  Fellowship  of  the  University  of  Hong  Kong. 


REFERENCES 

1.  M.  Suzuki,  H.  Tanaka,  N.  Edagawa,  and  Y.  Matsushima.  J.  Lightwave  Technol.  LT-10. 
1912  (1992). 

2.  1.  Kotaka,  K.  Wakita.  K.  Kawano,  H.  Asai,  and  M.  Naganuma,  Electron.  Lett.  27,  2162 
(1991). 

3.  T.  Ido.  H.  Sano,  D.J.  Moss.  S.  Tanaka,  and  A.  Takai,  IEEE  Photon.  Technol.  Lett.  6. 
1207,  (1994). 

4.  T.L.  Koch,  J.  Quantum  Electron.  27,  641  (1991). 

.3.  W.  Xia.  S.C.  Lin.  S.A.  Pappert.  C.A.  Hewett,  M.  Fernandes.  T.T.  Vu.  P.K.L.  Yu,  and 
S.S.  Lau.  Appl.  Phys.  Lett.  55.  2020  (1989). 

6.  P.J.  Poole,  S.  Charbonneau.  M.  Dion,  G.C.  Aers,  M.  Buchanan.  R.D.  Goldberg,  and 
I.V.  Mitchell.  IEEE  Photon.  Technol.  Lett.  8,  16  (1996). 

7.  .1.  Micallef,  E.H.  Li,  and  B.L.  Weiss,  Appl.  Phys.  Lett.  67.  2768  (1995). 

8.  T.  Aizawa,  K.G.  Ravikumar.  S.  Suzaki,  T.  Watanabe,  and  R.  Yamauchi,  IEEE  J. 
Quantum  Electron.  30,  585  (1994). 

9.  M.  Razeghi,  O.  Archer,  and  F.  Launay,  Semicond.  Sci.  Technol.  2.  793  (1987). 

10.  l.J,  Pape,  P.  Li  Kam  Wa.  J.P.R.  David,  P.A.  Claxton.  P.N.  Robson,  and  D.  Sykes. 
Electron.  Lett.  24.  910  (1988). 

I  I.  S.A.  Schwarz.  P.  Mei.  T.  Venkatesen,  R.  Bhat,  D.M.  Hwang.  C.L.  Schwarz.  M.  Koza, 
L.  Nazar,  and  B.J.  Skromme.  Appl.  Phys,  Lett.  53,  1051  (1988). 

12.  H.  Sumida,  H.  Asahi.  S.J.  Yu.  K.  Asami,  S.  Gonde,  and  H.  Tanoue.  Appl.  Phys,  Lett.  54. 
520  (1989). 

13.  GalnAsP  Alloy  Semiconductors,  ed.  T.P.  Pearsall,  Wiley,  New  York.  1982,  p.  295. 

14.  T.E.  Schlesinger  and  T.  Kuech,  Appl.  Phys.  Lett.  49.  519  (1986). 

15.  .1.  Micallef.  E.H.  Li,  and  B.L.  Weiss,  J.  Appl.  Phys.  73,  7524  ( 1993). 

16.  .1.  Micallef,  E.H.  Li.  and  B.L.  Weiss,  Superlatt.  &  Microstructures  13.  315  (1993). 


376 


Multiple  Cations  Interdiffusion  in  Ino.53Gao.47As/Ino.52A.lo.48A.s  Quantum  Well 

Y.  Chan*  ,  W.C.  Shiu**  ,  W.K.  Tsui*  ,  and  E.  Herbert  Li* 

*  University  of  Hong  Kong,  Department  of  Electrical  and  Electronic  Engineering,  Pokfulam 
Road,  Hong  Kong. 

**Hong  Kong  Baptist  University,  Department  of  Mathematics,  Kowloon,  Hong  Kong. 

Abstract 

Multiple  cations  interdiffusion  in  Ino.53Gao.47As/Ino.52Alo.48As  quantum  well  (QW) 
structure  is  investigated  by  using  the  model  of  expanded  form  of  Pick’s  second  law.  The  model 
is  fitted  to  the  measured  concentration  data  in  order  to  determine  their  diffusion  coefficients. 
Once  the  concentration  distribution  is  obtained,  the  types  of  strain  and  their  variation  across  the 
QW  can  be  determined,  thus  the  subbands  and  transitions  can  be  gathered.  Result  shows 
interesting  phenomena  due  to  this  three  species  interdiffusion. 


1.  Introduction 

There  are  immense  interests  in  the  InGaAs/InAlAs  QW  which  are  lattice  matched  to  InP 
substrate.  This  is  because  of  their  application  in  the  fabrication  of  optoelectronic  devices 
operating  in  the  1.3  -1.6  pm  spectral  range,  as  well  as  for  high  field  devices.  Recently 
InGaAs/InAlAs  heterostructures  have  been  grown  by  molecular  beam  expitaxy  (MBE)  on  InP 
substrates  in  single  and  multiple  quantum  wells[l].  This  new  material  system  have  so  far  been 
concentrated  on  the  transport  properties  of  high  mobility  two-dimensional  electron  gas  at  single 
interfaces[2],  the  achievement  of  laser  action[3],  and  the  variation  of  luminescence  energy  as  a 
function  of  quantum  well  thickness[4].  The  application  of  thermal  processing  of  QW  materials  is 
now  extended  to  both  multiple  species  and  phases.  Recent  reports  have  been  put  effort  towards 
two  species  interdiffusion  considering  only  one  effective  diffusion  coefficient[5,6].  Although, 
after  diffusion,  this  system  only  confines  to  the  m  metals  but  it  consists  of  three  interdiffused 
elements.  This  complicates  the  diffusion  process  because  it  cannot  be  described  by  the  simple 
one  diffusion  coefficient  model.  To  understand  the  interdiffusion  mechanism  in  this  multiple 
species,  all  the  three  diffused  elements  (Al,  In,  Ga)  should  be  described  by  their  own  diffusion 
rate  togeither  with  the  cross  rates. 

2.  Modeling 

A.  Effects  of  disordering 

A  number  of  models  have  been  presented  for  investigating  interdiffusion  involving  the 
use  of  only  one  error  function  in  approximating  the  compositional  profiles. 
Ino,53Gao.47As/Ino.52Alo.48As  Diffused  QW  (DFQW)  can  be  complicated  by  the  fact  that  die 
interdiffusion  of  the  group  HI  metals  cannot  necessarily  be  described  by  a  single  effective 
diffusion  coefficients.  In  order  to  give  a  comprehensive  DFQW  of  this  model,  we  have  modeled 
the  above  system  by  the  expanded  form  of  Fick’s  second  law: 
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where  t  is  time,  Ct.  and  C2  are  concentrations  of  In,  and  Ga  respectively,  t  is  time,  Dij  (ij=l,2)  are 
the  diffusion  coefficients.  Dh  is  the  diffusion  rate  of  species  i  and  Dij  is  the  cross  Effusion  rate 
between  species  i  and  j,  z  is  the  growth  position,  and  the  QW  is  centered  at  z=0  The  diffusion 
coefficients  are  obtained  by  fitting  the  diffusion  model  to  the  measured  concentration  data  [6]  by 
using  least  square  to  minimize  the  error.  Then,  by  discretizing  the  diffusion  equations  into  tinrae 
and  position  steps,  and  by  using  the  as-grown  profile  as  the  initial  condition,  the  partial 
differential  equations  arc  solved.  The  solution  to  the  finite  difference  method  gives  rise  to  the 
concentrations  of  the  diffused  species  as  a  profile  across  the  system  normalized  over  the  system. 
The  concentration  of  Al,  C3  ,  is  obtained  by  €3  =  1-0, -Cj  which  is  the  stoichiometry 
boundary  condition. 

The  compositional  profiles  in  the  DFQW  structure  imply  that  the  carrier  effective  mass, 
the  bulk  band  gqi,  the  strain  and  its  effects  vary  continuously  across  the  QW  if  the  well  is  within 
the  critical  thickness  regime.  Subsequently  the  carrier  effective  mass  will  z-dependent  and 
it  is  in  the  form  mr*(z)=  mr^CCj.Cj),  where  nv*(x.y)  is  the  respective  carrier  In,GayAl|.,.yAs 
bulk  effective  mass,  and  r  denotes  either  the  electron  C,  heavy  hole  (V=HH)  or  light 
hole(V=LH).  The  unstrained  (bulk)  band  gap  in  the  well,  E,(C,,Cj),  is  also  a  function  of  the 
compositional  profiles,  so  that  the  unstrained  potential  profile  after  interdiffiision,  AP/r^  rj 
varies  across  the  well  and  is  given  by 


AEr(C,,C3)  =  Q,AE,(C,,C3), 


(4) 


where  Qr  is  the  band  offset  and  AE,  is  the  unstrained  bandgap  offset. 

B.  Effects  of  strain 

The  in-plane  strain,  EfCj.Cj),  across  the  well  will  vary  so  that  the  strain  effects  are  also 
z-dependent.  Assuming  that  the  growth  direction  z  is  along  <001  >,  then  for  the  biaxial  stress 
parallel  to  the  interface  the  strain  components,  after  interdiffusion,  are  given  by[7]: 


£xx  —  £yy  =  E(  C,  .Cj  ) 


e*z  =  -2[c,2(C,.C3)/c„(C,,C3)]e(C,,C3)  (5) 

Exy  =  Eyz  =  e*x  =  0 

where  e(  C,  .C^ )  is  misfit  factor  between  the  well  and  the  barrier  and  is  defined  to  be  negative  for 
compressive  strain,  and  Cij(C,,Cj)  arc  the  elastic  stiffness  constants.  The  change  in  the  bulk 
bandgap,  Si(C,  .Cj ),  due  to  the  biaxial  component  of  strain  is  given  by[7]: 


378 


Sx(C,A)  =  -2a(C,,C2)[l-c,2(C,,C,)/cii(CpC,)]e(C,,C,) 

where  aCCpCj)  is  the  hydrostatic  deformation  potential  calculated  from[7]: 


(6) 


1  dE^C.A) 

a(C„C,)  =  --[c„(C„Cj)  +  2c„(C,A)]— - 


(7) 


where  dEg/dP  is  the  hydrostatic  pressure  coefficient  of  the  lowest  direct  energy  gap  Eg  The 
splitting  energy,  S//(C,,C2),  between  the  HH  and  LH  band  edges  induced  by  the  uniaxial 
component  of  strain  is  given  by [7]: 


S//(CpC2)  =  -b(CpC2)[l+2ci2(CpC2)/cn(CpC2)]e(CpC2)  (8) 

where  bCCpCj)  is  the  shear  deformation  potential.  The  parameters  a,  b,  cy,  dEg/dP  in  above 
equations  are  assumed  to  obey  Vegard’s  law[8],  so  that  their  respective  values  depend  directly  on 
the  compositional  profiles  across  the  QW.  In  the  case  of  InGaAs/GaAs  it  is  assumed  that  the  LH 
and  spin-orbit  band  are  coupled  due  to  the  presence  of  the  stress  while  the  HH  state  remains 
uncoupled.  The  valence  band  splitting  at  T  for  the  HH  band  and  for  the  LH  band  are  given  by: 

S//HH(C,,C2)=S//(CpC2)  (9) 

S/,lh(C,,C,)=I/2[S„(C„C,)+A<,(C„C,)]+1/2[9{S,XC„C,))^ 

+{Ao(C,,C,))'-2S,XC„C,)A<,(C„C,)]'"  (10) 

respectively,  where  Ao(Ci,C2)  is  the  spin-orbit  splitting.  The  QW  confinement  potential  after 
the  disordering  process,  Ur(CpC2),  is  obtained  by  modifying  the  unstrained  potential  profile 
after  processing,  AEr(C,„,CAi ),  by  the  variable  strain  effects,  and  is  given  by: 


Ur(C.,C2)-AE,(C„C2)-Sa.(C,,C2)±S//r(C,,C2)  (11) 

where  Sir(Ci,C2)=QrSi(C,,C2),  the  *+’  and  signs  represent  the  confined  HH  and  LH 
profiles,  respectively,  and  S//c(  C, ,  Cj  )=0. 

C.  Sub-band-edge  calculation 

To  calculate  the  electron  and  hole  wave  function  in  QW,  we  use  the  multiband  effective 
mass  theory.  A  parabolic  bands  model  and  Luttinger-Kohn-  Hamiltonian  with  strain  components 
are  used  for  the  conduction  and  valence  bands  respectively.  The  electron  states  near  the 
conduction  subband  edge  are  assumed  to  be  almost  purely  s-like  and  nondegenerate  (excluding 
spin),  while  the  hole  states  near  the  valence  subband  edge  are  almost  purely  p-like  and  four-fold 
degenerate  (including  spin).  The  envelope  function  scheme  is  adopted  to  describe  the  slowly 
varying  (spatially  extended)  part  of  the  wavefunction. 
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The  wavefunctions  of  the  electron  and  hole  subband  edge  at  the  zone  centre  of  F  valley 
symmetry  can  be  calculated  separately,  using  the  Ben-Daniel  and  Duke  model  by  the  one¬ 
dimensional  Schrodinger-like  equation,  which  is  written  as  follows: 


2  dz  m*(z)  dz 


+  U,(z)-'F,,(z)  =  E,X(z) 


(12) 


where  'Fri(z)  is  the  wavefunction  of  the  /**'  subband  for  clectrons(r=c/)  or  holes  (r=v/), 
respectively;  mr*(z)  is  the  corresponding  carrier  effective  mass  in  the  z  direction;  Erf  is  the 
subband*edge  energy.  Equation  (12)  is  solved  numerically  using  a  finite  difference  method  with 
the  above  confinement  profile. 

3.  Results  and  Discussion 


Table  1  shows  the  fitted  interdiffusion  coefficients  which  gave  a  rather  surprising  results 
in  that  the  In-Ga  diffusion  coefficient  is  negative  which  means  that  the  gradient  of  Ga  will  cause 
the  inverse  process  of  diffusion  in  In,  Figure  I  (a)  shows  Group  III  alloy  concentration  profile  of 
as-grown  Ino.53Gao.47As/Ino.s2Alo.4gAs  DFQW  with  lOOA  well  width  and  250A  thickness  barrier. 
The  In  and  A1  as-grown  content  are  set  under  lattice  matched  condition.  Figure  1(b)  and  Figure 
1(c)  show  the  concentration  profiles  of  the  system  with  diffusion  time  of  1  hour  and  3  hours  at  a 
temperature  of  812 ’C  respectively.  It  can  be  seen  that  both  A1  and  Ga  show  smooth 
interdiffusion  profiles.  However,  the  In  profile  in  Figure  1(b)  shows  a  bouncing  behavior  at  the 
interfaces.  This  is  due  to  the  fact  that  an  inverse  process  of  diffusion  has  been  developed  in  In  at 
the  interfaces.  At  long  diffusion  time,  all  three  species  become  smoothly  distributed  and  the 
profiles  are  being  lifted  up  at  the  well  center  implying  all  species  have  been  diffused  throughout 
the  entire  QW  structure. 

The  confinement  profiles  show  a  double-welled  structure  in  the  well  lager  and  a  double 
barrier  structure  very  similar  to  a  resonant  tunnel  stracture.  This  is  because  a  consequence  due  to 
the  frustration  of  In  profiles.  Eigen  states  exist  both  in  the  double-welled  bottom  potential  and  in 
the  upper  well  top  region.  Well-to-well  coupling  does  occur  for  the  low  energy  states  and 
tunneling  enhancement  also  apply  to  the  top  most  states.  The  transition  energy  Cl-HHl  is  shown 
in  figure  3.  A  slow  rate  of  increase  of  the  bandgap  occurs  before  1  hour  diffusion  time  and 
becomes  quite  rapidly  after  3  hours. 

The  diffusion  process  can  be  used  to  tunc  the  wavelength  of  InGaAs/InAlAs  QW  material 
in  the  region  of  1  .Spm  which  is  the  optimum  wavelength  for  operation  of  fiber  optic  systems  with 
the  lowest  attenuation.  In  addition  to  shifting  the  operating  wavelength,  the  effect  of  tensile 
strain  QW  on  the  laser  application  which  is  the  first  light-hole  subband  as  the  top  valence 
subband  can  perform  a  smaller  threshold  current  density  as  well  as  compressive  strained  QW. 
Moreover,  this  material  system  can  also  be  used  to  develop  both  electro-absorptive  and  electro- 
refractive  modulators  in  the  optimum  wavelength  so  that  an  integration  of  these  optoelectronic 
devices  can  be  developed  in  next  stepped. 
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hours 

Figure  3.  The  transition  energy  Cl-HHlof  Ina33Gaa47As/InojjAlo.aAs. 


4.  Conclusions 

In  this  work,  the  three  species  cations  interdiffusion  has  been  modeled  base  on  the 
expanded  Pick's  second  law.  Results  were  fitted  with  experimental  data  and  individual  diffusion 
coefficients  were  determined.  It  is  found  that  the  Ga-Ga  Effusion  coefficient  is  relatively  large  in 
comparison  to  the  other  rates  so  that  the  Ga  concentration  profiles  show  some  broadening  on 
annealing.  It  is  also  found  that  the  In-Ga  diffusion  coefficient  is  negative  which  gives  rise  to  the 
inverse  process  of  diffusion,  causes  sudden  abrupt  change  in  In  profiles  at  the  interfaces.  All  this 
would  have  important  consequence  in  the  un^rstanding  of  the  interdiffusion  mechanism  in 
multiple  species  of  multiple  alloy  QW  materials. 
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ABSTRACT 

Optical  waveguide  type  phase  modulators  defined  by  impurities  induced  disordering 
(IID)  are  investigated.  To  achieve  a  better  optical  confinement,  a  two  steps  ion  implantation 
process  is  carried  out  to  introduce  additional  impurities  with  respect  to  depth  in  the  cladding 
region.  A  more  uniform  refractive  index  profile  in  deeper  lateral  confined  region  is  obtained 
after  thermal  annealing.  The  refractive  index  different  between  the  core  and  cladding  can  be 
adjusted  by  controlling  the  extension  of  interdiffusion  in  the  cladding.  This  provide  tuning  of 
single  mode  operating  region.  For  present  IID  phase  modulator  with  25  period  of  lOOA/lOOA 
Alo.3Gao.7As/GaA8  multiple  quantum  wells  single  mode  operating  at  0.88^m,  a  normalized 
phase  shift  of  362“/Vmm,  chirping  parameter  of  47,  and  absorption  loss  less  than  120cm“^ 
are  achieved  theoretically. 

INTRODUCTION 

Different  III-V  semiconductor  quantum  wells  (QWs)  materials  have  been  intensely  inves¬ 
tigated  in  electro-optical  phase  modulator  [1,  2],  The  use  of  QWs  material  has  an  advantage 
of  large  variation  in  the  electric  field  induced  refractive  index  change  due  to  the  quantum 
confined  Stark  effect  in  the  QW  around  the  excitonic  absorption  edge  as  compared  to  those 
in  conventional  materials  like  bulk  III-V  semiconductors  and  LiNbOs.  However,  most  of 
the  QW  phase  modulator  are  single  insulated  component  [1,  2].  In  order  to  obtain  an  ef¬ 
ficient  way  of  monolithic  integration  of  optoelectronics  components  on  a  single  substrate, 
a  technique  of  impurities  induced  disordering  has  been  utilized  to  integrate  optoelectronics 
[3,  4].  Impurities  are  introduced  selectively  by  masked  implantation  followed  by  diffusion 
into  the  desired  regions  of  a  QW  structure,  a  modification  of  the  bandgap  and  a  refractive 
index  step  would  be  result  between  the  as-grown  and  the  disordered  regions  [5].  The  IID 
process  therefore  enables  a  planar  process  to  be  used  to  fabricate  and  insulate  different  opti¬ 
cal  devices  such  as  laser  [6],  modulator  [7]  and  waveguide  [8]  on  single  substrate  and  makes 
optoelectronic  integration  a  reality. 

A  theoretical  model  is  developed  to  investigate  IID  lateral  confined  AlGaAs/GaAs  QW 
phase  modulators.  The  modulators  are  single  mode  operation.  To  increase  optical  confine¬ 
ment  and  phase  modulation,  twice  ion  implantation  with  different  implantation  energies  are 
introduced.  The  model  of  IID  by  ion  implantation,  optical  guiding  and  modulation  prop¬ 
erties  will  be  given  in  the  next  section.  In  the  third  section,  results  on  single  mode  phase 
modulation  and  modulation  performance  will  be  presented. 
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COMPUTATION  CONSIDERATIONS 


Impurities  Induced  PiBorderinR  by  Ion  Implantation 

For  present  phase  modulator,  the  active  repon  consists  of  stacked  Alo.3Gao.7A8/GaAs 
as-grown  QWs.  With  a  core  region  presisted  by  a  mask,  two  lateral  regions  of  the  QWs  are 
ion-implanted  by  Ga  ions  for  cladding.  After  thermal  annealing,  the  QWs  structure  with 
the  implanted  impurities  has  lower  refractive  index  than  the  intrinsic  region,  hence  provide 
a  lateral  optical  confinement  to  the  active  cavity. 

The  impurity  density  is  computed  in  a  two  dimensional  structure.  The  distribution  of 
impurities  after  implantation  W{x,y),  where  x  and  y  is  defined  as  the  lateral  direction 
and  depth  of  the  structure  respectively,  is  described  by  an  error  function  relation  based  on 
the  experimental  and  simulation  results  [10].  The  total  impurities  distribution  WT(x,y)  is 
obtained  by  linear  summation  of  each,  i.e. 

WT[x,y)  =  ^Wi{x,y),  (1) 

1=0 

where  Wi(x,y)  is  the  i-th  impurities  profile  of  the  total  M  times  of  implantation.  A  classical 
diffusion  law  is  used  to  described  the  the  motion  of  the  impurities  during  annealing  time  t 

=  (2) 

Ot 

For  short  annealing  time,  the  diffusion  of  impurities  is  assumed  to  be  independent  of  the 
motion  of  Al/Ga  atoms  and  the  diffusion  coefficient  Ihon  is  a  constant  through  out  the 
annealing.  Moreover,  the  interdiffusion  coefficient  of  Al/Ga,  Dwtomt  is  assumed  to  be  depend 
on  local  defect  density  only,  i.e.  Darom(^iyf0  =  oDioii(^»y#  f)-  o  is  a  numerical  factor 
determined  from  experimental  data.  The  diffusion  equation  for  Al/Ga  atoms  is  given  by 

=  V(0„.»„VC(x.  y,  i)|,  (3) 

where  C{x,y,  <)  is  the  Al/Ga  concentration.  Solving  (3),  the  Al/Ga  concentration  profile 
can  be  obtained  from  which  its  corresponding  diffusion  length  [11]  is  determined.  Using 
a  developed  model  [11],  a  refractive  index  profile  Ti(x,y)  is  calculated  for  different  Ld. 


Scalar  Wave  Equation 

Given  the  refractive  index  profile  of  IID  phase  modulator,  its  optical  guiding  properties 
are  studied  by  means  of  solving  the  scalar  wave  equation 


(4) 


where  ^(x,y)  denotes  the  transverse  modal  electric  field,  k  =  27r/A,  where  X  represents  the 
free-space  wavelength  and  /?  is  the  associated  propagation  constant.  (4)  is  solved  by  an 
improved  Fourier  decomposition  method  [13]. 
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Performance  Measurement  by  Modulation  parameters 


The  modulation  performance  of  the  phase  modulator  is  interpreted  in  terms  of  several 
measuring  parameters.  The  first  one  is  modulation  efficiency  of  the  phase  modulation  which 
can  be  measured  from  the  phase  change  per  modulation  length  and  applied  voltage  or  in 
normalized  phase  shift  as  A^;v  =  27rAneff/(V"Aop),  where  Arjefr  =  A^fk  is  change  of  effective 
refractive  index,  Aop  is  the  operating  wavelength  and  V  is  the  applied  voltage  which  is 
calculated  by  the  Poisson’s  equation  [12].  For  present  phase  modulator,  the  selected  Aop  (in 
eV)  is  less  than  the  bandgap  energy  of  the  Alo.3Gao.7As/GaAs  cladding  layers.  Therefore,  it 
is  assumed  that  only  the  optical  power  confined  in  the  active  cavity  will  be  absorbed.  Since 
the  active  cavity  is  constructed  from  QWs  material,  the  optical  confinement  factor  F  can  be 
defined  as  the  ratio  of  optical  electric  field  in  QWs  (active  cavity)  and  the  whole  structure. 

The  effective  absorption  coefficient  is  given  by  Oeff  =  /qws  where 

a(x,y)  is  material  absorption  coefficient  of  the  Alo.3Gao.7As/GaAs  QWs  structure.  Under 
non-bias  condition,  Oeff  is  considered  as  the  absorption  loss  of  the  modulator. 

The  chirping  parameter  is  a  crucial  indicator  to  the  performance  of  the  modulator.  Under 
bias,  both  Weff  and  Oeff  will  change,  the  static  chirping  parameter  /?mod  is  given  as  /?mod  = 
47rAneff/(AopAaeff),  where  Aoeff  is  the  change  of  effective  absorption.  From  this  relation, 
ftmnA  ^^an  be  considered  as  a  measure  of  the  relative  strength  of  the  phase  modulation  to 
that  of  intensity  modulation.  To  be  a  good  phase  modulator,  the  chirping  parameter  should 
greater  than  10  [14]. 

RESULTS  AND  DISCUSSIONS 

The  active  region  of  the  proposed  IID  electro-optical  phase  modulator  consists  of  multiple 
periods  of  lOOA/lOOA  Alo.3Gao.7As/GaAs  as-grown  QWs.  Results  of  two  active  cavity  of 
0.5p.m  thick  (25  QW  periods)  and  Ifim  thick  (50  QW  periods)  are  presented  in  this  section. 
The  top  and  bottom  layer  of  the  modulator  are  heavily  p  and  n  doped  Alo.3Gao.7As  to  form 
a  p-i-n  structure.  The  whole  device  is  fabricated  on  a  n+-GaAs  substrate.  The  modulation 
under  applied  field  F  of  50kV/cm  and  lOOkV/cm  are  studied  at  Aop  of  0.88^m. 

A  typical  refractive  index  profile  after  single  step  of  ion  implantation  is  shown  in  Fig.  1(a). 
The  modification  of  the  refractive  index  near  the  top  and  bottom  of  the  ion  implanted 
cladding  layer  is  small  such  that  optical  power  leaks  out  from  these  regions  as  shown  in 
Fig.  1(b)  and  weakening  the  guiding  property.  In  order  to  improve  the  optical  confinement, 
ion  implantation  is  carried  out  twice,  one  with  shallower  and  one  with  deeper  penetration 
depth  to  produce  a  combined  impurities  distribution  with  greater  uniformity  in  the  depth 
of  the  cladding  layer.  By  carefully  adjusting  the  implantation  energies,  the  region  with 
uniform  refractive  index  clearly  extends  as  shown  in  Fig.  2(a).  Optical  field  profile  of  the 
corresponding  guiding  mode  is  shown  in  Fig.  2(b).  The  guiding  property  of  this  twice  ion- 
implanted  structure  improves  as  comparing  with  field  profile  of  the  one  step  ion-implanted 
structure  in  Fig.  1(b). 

The  ion-implanted  diffusion  is  carefully  designed  to  adjust  the  refractive  index  for  single 
mode  operation.  Present  results  shown  that  a  range  of  material  refractive  index  profile 
can  serve  for  single  modal  modulation  at  the  selected  A^p  of  0.88//m.  This  is  illustrated 
by  plotting  the  normalized  propagation  constant  b  =  {{I3fky  —  nLn)/(”max  ■"  ”Ln)»  where 
i^max  and  Uniin  are  the  maximum  and  minimum  refractive  index  of  the  active  cavity,  against 
annealing  time  t  (which  stands  for  the  refractive  index  profile)  as  shown  in  Fig.  3. 
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Figure  1:  (a)  The  refractive  index  profile  of  half  crosa-^ection  device  structure  provided  by 
one  ion  implantation,  (b)  Contour  of  optical  field  of  the  corresponding  guiding  mode. 
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Figure  2:  (a)  The  refractive  index  profile  of  half  cross-section  device  structure  provided  by 
twice  ion  implantation,  (b)  Contour  of  optical  field  of  the  corresponding  guiding  mode. 


Figure  3:  Normalized  propagation  constant  b  against  annealing  time  t  for  cavity  thickness 
of  (a)  0.5/im  and  (b)  1.0/im.  Annealing  time  is  shorter  for  fundamental  mode  . 
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Table  1:  Modulation  parameters  of  two  phase  modulators  with  cavity  thickness  of  0,5/im 
(25  QW  periods)  and  \^m  (50  QW  periods). _ _ 


Thickness  (//m) 

0.5 

1 

bias  field  (kV/cm) 

0 

50 

0 

50 

bias  voltage  (V) 

0 

2.54 

0 

5.04 

r 

0.843 

0.839 

0.919 

0.911 

Weff 

3.5138 

3.5116 

3.5421 

3.540 

Aneff 

- 

-2.22  X  10-^ 

- 

-2.40  X  10"^ 

depletion  width  (^m) 

- 

0.507 

- 

1.01 

A^lAr(°/Vmm) 

- 

362 

- 

194 

Oeff  (cm~^) 

117.3 

110.7 

132 

123.6 

Aoeff  (cm“^) 

- 

-6.6 

- 

-8.4 

PmoA 

- 

+47 

- 

+41 

The  intervals  SMFO,  SMF50  and  SMFIOO  corresponds  to  single  mode  operation  under 
field  strength  of  0,  50  and  lOOkV/cm.  With  an  applied  field,  the  refractive  index  profile, 
and  thus  the  propagation  mode,  is  modified.  The  interval  therefore  modifies  as  shown  in 
Fig.  3.  The  waveguide  modulator  may  support  single  mode  or  multiple  mode  guiding  at 
the  selected  Aop.  In  order  to  maintain  single  mode  operation,  only  the  overlapping  region 
between  two  intervals  with  different  applied  fields,  such  as  the  overlapping  region  between 
SMFO  and  SMF50  of  Fig.  3,  can  provide  a  single  mode  phase  modulation.  In  fact,  the  mod¬ 
ulation  can  also  work  between  SMF50  and  SMFIOO  which  provide  a  much  larger  overlapping 
range  for  operation.  However,  there  must  have  some  resistance  loading  in  an  electrical  cir¬ 
cuit  for  electro-optical  modulation,  in  order  to  reduce  the  power  consumption  of  the  phase 
modulation,  the  one  without  bias  requirement  is  selected,  i.e.  the  case  without  a  d.c.  offset. 
Between  SMFO  and  SMFIOO,  there  are  no  overlapping  meaning  that  single  modal  phase 
modulation  up  to  a  bias  field  of  lOOkV/cm  does  not  exist.  In  fact,  present  phase  modulator 
can  provide  a  large  enough  modulation  between  0  and  50kV/cm. 

The  performance  of  the  two  modulators  is  listed  in  Table  1.  The  normalized  phase  shifts 
are  large  enough  that  over  180°  phase  modulation  can  be  obtained.  For  the  0.5//m 
thick  cavity,  a  two  fold  increase  of  is  seen  when  compared  with  X^im  thick  cavity 
while  maintain  a  low  absorption  loss  of  less  than  150cm~^.  This  shows  that  applied  field  of 
50kV/cm  is  large  enough  to  bias  the  modulator  with  an  useful  phase  modulation.  For  the 
l//m  thick  cavity,  its  phase  modulation  under  50kV/cm  is  larger  than  that  of  0.5/um  one 
since  the  optical  confinement  increase  in  the  thicker  cavity  and  also  in  which  twice  number 
of  QWs  contribute  for  modulation.  However,  its  active  thickness  is  two  times  of  the  thinner 
structure  meaning  that  twice  bias  voltage  is  required  for  the  same  amount  of  applied  field. 
This  results  in  a  weaker  normalized  phase  shift.  The  /?mod  obtained  indicates  that  the  phase 
modulation  is  at  least  40  times  greater  than  the  intensity  modulation  at  the  selected  Aop, 
this  is  four  fold  large  than  the  basic  requirement  of  phase  modulator.  Under  the  50kV/cm 
applied  field,  the  depleted  thickness  of  both  cases  are  thicker  than  their  corresponding  cavity 
thickness  and  hence,  during  operation,  the  QWs  structures  produced  for  phase  modulation 
are  completely  and  effectively  used. 
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CONCLUSION 


Optical  waveguide  type  phase  modulators  with  0.5pm  and  1pm  thick  QWs  active  cavity 
using  masked  ion-implantation  to  selective  induce  disordering  to  the  QWs  have  been  investi¬ 
gated.  These  devices  are  carefully  designed  to  achieve  single  mode  operation  at  0.88pm.  For 
the  1pm  thick  cavity,  twice  ion  implantation  is  introduced  to  provide  a  wider  cladding  region 
with  uniform  refractive  index.  This  improve  the  optical  confinement  and  hence  the  phase 
modulation  under  same  amount  of  bias  as  compared  to  the  0.5pm  one.  However,  in  terms 
of  the  normalized  phase  shift  and  power  consumption,  thin  cavity  provide  better  modula¬ 
tion  performance.  In  summary,  the  two  phase  modulators  can  provide  large  phase  change, 
normalized  phase  shift  of  362’’/Vmm  and  194“ /Vmm  for  the  0.5pm  and  1pm  thick  cavity 
respectively.  Chirping  parameter  of  more  than  40  with  frequency  compression  property  is 
achieved  and  absorption  loss  is  less  than  150cm“L  This  make  present  phase  modulator 
become  a  competitive  among  the  QW  phase  modulation  devices. 
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ABSTRACT 

The  optical  properties  of  Ino.ssGao  47As/InP  single  quantum  well  (Q W)  (with  an  as-grown 
well  width  of  60A  structures)  interdiffused  with  different  cation  and  anion  interdiffusion  rates 
have  been  theoretically  analyzed  for  applications  in  optoelectronics.  The  interdiffusion  of 
InGaAs/InP  QW  structures  is  complicated  as  interdiffusion  can  occur  for  either  (i)  only  group-III 
(In,Ga),  (ii)  group-V  (As,P),  or  (iii)  both  group-III  and  group-V  sublattices.  Depending  on  the 
resulting  composition  profiles,  the  shifts  (blue  or  red)  of  the  transition  energies  can  be  tuned  to 
wavelengths  between  1.3pm  to  1.55pm  for  device  applications.  The  results  show  that  the  control 
of  the  rates  of  cation  and  anion  interdiffusion  offers  interesting  possibilities  for  designing 
optoelectronic  devices  such  as  modulators  and  lasers. 

INTRODUCTION 

Currently  InGaAs/InP  quantum-well  (QW)  structures  are  actively  studied  for  the 
fabrication  of  a  variety  of  optoelectronic  devices,  such  as  modulators,  detectors,  waveguides,  and 
lasers,  for  operation  in  the  1.3pm-1.55pm  wavelength  region*.  By  exploiting  the  strain  effects  on 
the  band-gap,  the  bandstructure  of  the  device  can  be  engineered  to  optimize  the  device 
characteristics.  Apart  from  this,  interdiffusion  of  constituent  atoms,  the  rate  of  which  depends  on 
lattice  distortion,  impurities,  defects  and  the  process  temperature,  is  a  versatile  technique  to 
modify  the  device  bandstructure.  Using  this  technique,  the  QW  compositional  profiles,  the 
confinement  potentials  and  the  optical  properties  can  be  modified  as  a  result  of  the  diffusion  of 
constituent  atoms.  The  interdiffusion  processes  in  InGaAs/InP  QW  system  is  more  complex  than 
those  in  AlGaAs/GaAs  and  InGaAs/GaAs  because  both  group-III  and  group-V  atoms  can 
participate  in  the  interdiffusion  process.  Although  some  theoretical  and  experimental^  studies 
were  undertaken  on  (In,Ga)(As,P)/InP  QWs,  the  mechanism  of  interdiffusion  in  these  systems  is 
not  well  understood.  In  order  to  predict  the  interdiffused  compositional  profiles,  some 
hypotheses  have  to  be  made.  The  interdiffusion  processes  of  group-III  and  group-V  atoms  are 
assumed  to  be  independent  and  there  are  three  categories  of  interdiffusion:  (i)  only  group-III 
diffusion,  (ii)  only  group-V  diffusion,  and  (iii)  both  group-III  and  group-V  diffusion.  It  has  been 
reported  that  group-V  atoms  is  more  easily  interdiffused  than  group-III  atoms.  Arsenic  and 
phosphorus  atoms  begin  to  interdiffuse  at  about  500  °C  while  group-III  atoms  are  known  to 
interdiffuse  above  800  The  control  of  diffusing  atoms  is  determined  by  the  impurities  in  the 
structure.  It  is  thus  important  to  understand  the  effects  of  interdiffusion  on  the  optical 
characteristics  of  InGaAs/InP  QWs  for  integration  and  optimization  of  devices.  In  this  paper,  we 
model  the  interdiffusion  processes  in  an  undoped  InGaAs/InP  single  QW  and  study  their  effects 
on  the  optical  properties. 
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MODEL  FORMULATION 


It  is  assumed  that  for  diffusion  processes  (i)  and  (ii)  the  group-III  and  group-V 
interdiffusion  processes  can  be  modeled  by  two  different  diffusion  lengths.  The  interdiffusion  of 
group-III  atoms  is  characterized  by  a  diffusion  length  which  is  defined  as  I™  =>/(D'”t), 

where  is  the  diffusion  coefficient  of  group-III  atoms  and  t  is  the  diffusion  time;  the 
interdiffiision  of  group-V  atoms  is  characterized  by  the  diffusion  length  .  The  structure 
modeled  here  consists  of  an  as-grown  Ino  53Gao  47As  square  well  with  thickness  60A  sandwiched 
between  thick  InP  barriers.  After  intermixing,  the  concentration  of  the  interdiffused  atoms  across 
the  QW  structure  has  an  error  function  profile.  For  the  group-III  atoms,  the  In  concentration  after 
interdiffusion  is  described  by 


x,„(z)  =  l 
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where  Lz  is  the  as-grown  well  width,  z  is  the  growth  direction,  and  the  QW  is  centered  at  z~0. 
For  the  group-V  atoms,  the  As  concentration  after  interdiffiision  is  given  by 


4L^ 


4L" 


(2) 


where  y=l  is  the  As  concentration  of  the  as-grown  structure.  For  diffusion  of  group  V  atoms 
only,  Mukai  et  af  studied  in  details  the  diffusion  of  group-V  atoms  in  InGaAs/InP  and  found  that 
the  diffusion  coefficients  are  different  in  the  barrier  and  well  layers  and  the  concentration  of 
group-V  atoms  is  discontinuous  across  the  interface.  Here  in  the  present  work,  we  model  the 
diffusion  process  (iii)  using  the  two  phase  model  described  in  Mukai  et  al. 

In  this  paper,  we  consider  the  interdiffiision  of  Ino53Gao47AsAnP  QW,  in  which  the  QW 
layer  is  lattice-matched  to  the  barrier  layers.  After  interdiffiision,  the  chemical  compositions 
deviates  from  the  lattice-matched  condition  leading  to  a  non-uniform  strain  in  the  lattice.  To 
calculate  the  electron  and  hole  wave  fimctions  in  QW,  we  use  the  effective  mass  theory.  For  most 
III-V  semiconductors,  it  is  a  good  approximation  that  the  conduction  and  valence  bands  are 
decoupled.  A  parabolic  band  model  and  the  Luttinger-Kohn-  Hamiltonian  with  strain 
components  are  used  for  the  conduction  and  valence  bands  respectively.  The  electron  states  near 
the  conduction  subband  edge  are  assumed  to  be  s-like  and  nondegenerate  (excluding  spin),  while 
the  hole  states  near  the  valence  subband  edge  are  p-like  and  four-fold  degenerate  (including 
spin).  The  envelope  function  scheme  is  adopted  to  describe  the  slowly  varying  (spatially 
extended)  part  of  the  waveflinction.  The  waveftmetions  of  the  electron  and  hole  subbands  at  the 
zone  centre  can  be  calculated  separately  by  solving  the  one-dimensional  Schrodinger-like 
equation  as  follows: 


_J _ dM/ri(z) 

2  dz  m’j^(z)  dz 


-fU,(z)-M/H(z)  =  ErtVrt(z) 


(3) 


where  v|/ri(z)  is  the  wavefunction  of  the  1*  subband  for  electrons(r=cl)  or  holes  (r=vl), 
respectively;  mir*(z)  is  the  corresponding  carrier  effective  mass  in  the  z  direction;  Eh  is  the 
subband-edge  energy.  Equation  (3)  is  solved  numerically  using  a  finite  difference  method  with 
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the  above  confinement  profile.  For  valence  band  sturcture,  it  is  necessary  to  diagonalize  the 
Luttinger-Kohn  Hamiltonian  with  appropriate  confinement  potentials  for  heavy  and  light  holes. 
The  hole  envelope  functions  depend  on  k//  as  a  result  of  the  mixing  of  the  heavy  and  light  hole 
bands.  In  this  work,  the  effective  Hamiltonian  approach  described  in  Chan^  is  used  to  solve  the 
Luttinger-Kohn  Hamiltonian  to  obtain  the  valence  subband  structure. 

The  polarization  dependent  absorption  coefficient  and  optical  gain  are  calculated  using 
the  following  equations,  where  the  orientation  of  the  polarization  is  also  considered: 

2]  JK'J'c,  [VvXuE.ik)- E,(k)-nto)[r(E,(k)- r(E,  (kwk 

/to  ^  ^  D  Cl 


jre.,np,c„m„wL, 


UE  rk)-F  (k)-fiw)dk 


where  Lz  is  QW  width,  nR  is  the  refractive  index,  Cq  is  the  velocity  of  light  in  vacuum  and  So  is 
the  permittivity  of  free  space;  e  and  mo  are  the  electron  charge  and  rest  mass  respectively;  Mb^  = 
(mo^PV3^)M^(0)  where  P  is  given  by  Kane’s  model,  and  M(0)  is  a  factor  due  to  the  difference  in 
orientation  between  the  confined  carrier  in-plane  wave  vector  and  the  optical  polarization  vector 
(represented  by  0);  k  is  the  transverse  wave  vector  in  the  direction  parallel  to  the  QW  layer;  Ep 
and  Eq  are  the  electron  and  hole  subband  energy  respectively;  v|/c  and  \\fy  are  the  envelope 
wavefunctions  for  the  electrons  and  holes  respectively;  L  is  the  Lorentzian  broadening  factor 
with  HWHM  Tb  =  5meV.  The  summation  in  (4)  and  (5)  includes  all  the  bound  states  in  the 
conduction  (p)  and  valence  (q)  bands.  The  Fermi  functions  ,  f  and  f ,  are  solved  numerically  for 
the  quasi-Fermi  levels  at  a  fixed  carrier  injection  (n^^  =  3x  10^^  /cm^). 


RESULTS  AND  DISCUSSIONS 


In  the  present  study,  we  consider  a  60A-thick  undoped  Ino.53Gao,47As  single  quantum  well 
layer  sandwiched  between  300A-thick  InP  barriers.  All  the  parameters  are  determined  by 
interpolating  between  the  binary  parameters  at  room  temperature.  A  general  parameter  T  for  the 
quaternary  material  A^Bi-xCyDi.y  can  be  related  to  the  parameters  of  four  binary  compounds  AC, 
AD,  BC,  and  BD  using  the  following  interpolation  formula 

T(x,y)  =  (l-x)yTBc  +  xyTAC  +  x(l-y)TAD  +  (l-x)(l-y)TBD  (6) 

The  compositional  dependence  of  bulk  bandgap  in  eV  is  given  by^ 

Eg(x,y)  =  1.35-1. 17y+0.668(l-x)-0.069(l-x)y+0.18y^+0.03(l-x)y^ 
+0.758(l-x)^-0.322(l-x)V  (7) 

while  the  spin-orbit  splitting,  in  eV,  is  given  by^ 


Ao(x,y)  =  0.34(l-x)y+0.43xy+0.1(l-x)(l-y)+0.1x(l-y)  (8) 

The  conduction  band  offset  Qc  of  InGaAs/InP  heterostructures  is  taken  to  be  0.6. 

The  optical  gain  results  of  interdiffused  lattice-matched  InGaAs/InP  QW  for  different 
diffusion  processes  are  shown  in  figure  1.  In  fig.  1(a),  we  show  the  gain  of  QW  with 
interdiffusion  of  only  group  III  sublattice.  The  peak  gain  energy  shifts  to  lower  energies  as 
interdiffusion  proceeds  and  the  peak  gain  magnitude  increases  with  the  degree  of  interdiffusion. 
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This  is  due  to  the  deepening  of  the  QW  potential  and  the  increase  in  confinement  when  the 
group-III  atoms  interdiffiise.  The  gain  spectra  of  wells  with  interdiflusion  of  both  group-III  and 
group-V  sublattices  are  shown  in  figure  1(b).  The  error  function  confinement  profile  of  this  kind 
of  interdiffiised  QW  shifts  the  peak  of  the  gain  spectrum  to  higher  energies  and  reduces  the  peak 
height.  Figure  1(c)  shows  the  gain  after  interdiffusion  of  group  V  sublattice.  It  is  noticed  that  the 
peak  gain  energy  shift  to  higher  energies  when  the  well  is  interdiffiised. 

The  absorption  coefficients  of  interdiffiised  InGaAs/lnP  QWs  calculated  in  the  present 
study  include  the  Is  heavy  and  light  hole  exciton  transitions.  The  Is  bound  exciton  wavefiinction 
is  determined  by  a  perturbative-variational  method®,  and  the  exciton  envelope  function  is  given 
by: 

43 

¥uip)  =  -l^e  (9) 


where  a  =■ 


is  the  exciton  Bohr  radius,  p  is  the  relative  distance  between  the  electron  and 


(heavy  or  light)  hole  in  the  quantum  well  along  the  transverse  direction,  which  is  denoted  by  // 
and  is  parallel  to  the  quantum  well  layer,  ym  is  the  reduced  effective  mass  in  the  transverse 
direction,  e  is  the  static  dielectric  constant.  The  variational  parameter  X  is  obtained  by 
minimizing  the  following  expression: 


where  Zc  and  Zv  are  the  electron  and  hole  positions,  z=|Ze-Zv|,v|/ci,  vj/vi  are  the  electron  and  hole 
envelope  wavefunctions,  H|  and  Ni  are  the  Struve  and  Neumann  functions  of  order  1, 
respectively.  The  binding  energy  Eb  of  the  Is  bound  exciton  is  obtained  by  the  parameter  X  and 
is  defined  by: 


where  R  - 
given  by: 


327r^£^h^ 


Eb=-4X"R 

is  the  Rydberg  energy. 


The  exciton  absorption  coefficient,  aufw),  is 


where  A  =  ^  Eexc=Eci+Evi+Eg+Eb,  and  fb  is  the  exciton  linewidth 

(half  width  half  maximum)  broadening  factor.  For  the  Is  exciton  only  p=0  is  allowed  and  hence 
^3^^=3/2(hh),  '/2(lh)  and  p^'^=0(hh),  2(lh).  The  calculated  exciton  binding  energies  are  shown 
in  tables  1-3  as  a  function  of  the  diffusion  lengths. 


Table  1  Exciton  Binding  Energies  of  interdiffiised  InG^s/lnP  QW  (Group  111  only) 

Group-Ill  diffusion  length  (A) _ Ld=0 _ Ld=10 _ Ld=20 _ Ld=30 

HH  Binding  Energy  (meV) _ 4J4 _ 4J8 _ 4.07 _ 3^0 _ 3.62 

LH  Binding  Ener^  fmevi  5.92  5.33  4.91  4  57  4.34 


Table  2  Exciton  Binding  Energies  of  interdiffiised  InGaAs/InP  QW  (Group  III&V,  L'"  =  L ^  =  L^) 
I  difflision  length  (A)  I  Ld=0A  |  Ld=10  I  Ld=20  |  Ld=30  |  Ld=40  I 


LH  Binding  Ener 


4.84 

5.98 

5.92 

6.91 
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Galn(cm-i)  Gain(cm-i)  Gain(cm-i) 


°0.6  0.7  0.8  0.9  1.0 


Photon  Energy  (eV)  Photon  Energy  (eV) 


Photon  Energy  (eV) 


Photon  Energy  (eV) 


Photon  Energy  (eV) 

Fig.  1  Optical  gain  for  (a)  group-ill,  (b) 
group-ill  &  V,  and  (c)  group-V 
interdiffusion. 


Photon  Energy  (eV) 

Fig.  2  Absorption  coefficient  for  (a) 
group-ill,  (b)  group-ill  &  V,  and  (c) 
group-V  interdiffsion. 
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Table  3  Exciton  Binding  Energies  of  interdiffused  InGaAs/InP  QW  (Group  V) 


Group-V  diffusion  length  (A) 

■ISH 

■fSB 

4.84 

4.85 

4.86 

4.87 

4.88 

5.92 

5.93 

5.94 

5.95 

5.97 

In  these  table,  the  exciton  binding  energy  decreases  (increases)  as  the  diffusion  length  increases 
for  the  only  group-III  (group-III  &  V)  diffusion.  The  changes  in  exciton  binding  energy  for  these 
two  diffusion  processes  are  mainly  due  to  the  change  in  the  transverse  electron  and  hole  effective 
masses  in  the  well  layers.  For  the  two-phase  group-V  diffusion,  the  binding  energy  slight 
increases  as  the  diffusion  length  increases. 

The  absorption  coefficients  of  lattice-matched  InGaAs/InP  QWs  for  different  diffusion 
lengths  are  shown  in  figure  2.  In  fig.2(a),  we  show  the  absorption  of  QW  with  interdiffusion  of 
only  group  III  sublattice.  The  absorption  peak  energy  also  shifts  to  lower  energies  as 
interdiffusion  proceeds  and  the  Is  exciton  absorption  peak  decreases  with  the  degree  of 
interdiffusion.  The  absorption  coefficients  of  wells  with  interdiffusion  of  both  group-III  and 
group-V  sublattices  are  shown  in  figure  2(b).  This  kind  of  interdiffused  QW  has  the  exciton 
absorption  peak  shifted  to  higher  energies  and  increased  in  the  peak  height.  Figure  2(c)  shows 
the  absorption  coefficients  after  the  interdiffiision  of  group  V  sublattice.  It  is  noticed  that  the  1  s 
exciton  peaks  for  all  the  diffused  wells  have  approximately  the  same  energy  and  the  heights  of 
absorption  peaks  are  slightly  reduced  by  interdiffiision. 

CONCLUSION 

The  effects  on  the  optical  gain  and  absorption  coefficient  of  a  lattice-matched  InGaAs/InP 
quantum  well  due  to  various  interdiffiision  processes  are  reported.  It  is  shown  that  the 
interdiffiision  of  group-III  sublattice  increases  the  peak  gain  leading  to  improved  performance  in 
lasers  and  the  interdiffiision  of  group-III  &  V  sublattices  increases  the  exciton  absorption 
coefficients,  which  can  be  used  to  optimize  optical  modulators. 
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Abstract 

We  will  present  results  for  an  AIq  24Gao.76As/GaAs  diffused  multiple  quantum  well  with 
five  periods  of  100/100  A  thick  well/barrier  layers  grown  in  between  Alo  24Gao  76As  guiding  layers 
and  cladded  on  top  by  a  1pm  thick  p-Alo  ^^Gao  sgAs  layer  and  on  the  bottom  by  an  n-Alo  44Gao  56As 
layer  of  equal  thickness,  on  a  n^-GaAs  buffer  layer  and  n^-GaAs  substrate.  Vacancy  enhanced 
QW  diffusion  is  employed  where  a  2000  A  thick  layer  of  SiOj  is  deposited  on  top  of  the  diffused 
multiple  quantum  well  structure.  Photoluminescence  measurement  and  photovoltage 
measurement  at  room  temperature  show  that  after  rapid  thermal  annealing  for  30  sec  at  1000  °C 
to  1040  °C,  a  bandgap  shift  of  30  nm  is  obtained  for  the  exciton  edge.  Further,  this  technique  is 
applied  to  a  ridge  waveguide  laser  structure  to  make  two  windows  for  high  power  output  up  to 
36  mW.  This  device  shows  that  the  diffusion  process  may  have  practical  applications. 

Introduction 

Impurity  free  vacancy  diffusion  (IFVD)  is  a  simple  way  to  control  the  mixing  in  quantum 
wells  [1].  Multiple  quantum  wells  (MQW)  intermixing  using  IFVD  has  been  becoming  very 
attractive  recently  for  modifying  optical  properties  of  materials  as  this  method  is  able  to  tune  the 
bandgap  of  the  MQW  wafer  and  at  the  same  time  it  can  be  used  for  making  window  structures 
for  high  power  laser  operation. 

Diffused  multiple  quantum  wells  (DF-MQW)  can  be  obtained  by  intermixing  the  alloy 
composition  of  barriers  and  the  wells  through  their  heter-interfaces.  In  an  AlGaAs/GaAs  system, 
Si02  is  selectively  capped  on  the  MQW  structure  to  enhance  the  intermixing.  The  sample  then 
undergoes  Rapid  Thermal  Annealing  (RTA)  at  temperatures  above  850  °C  for  30  sec.  These 
procedures  induce  the  out-diffusion  of  Ga  into  the  capping  Si02  layer  which  results  in  the 
generation  of  vacancies  in  the  QWs,  enhancing  the  interdiffusion  of  A1  and  Ga  atoms,  so  that  the 
diffusion  coefficient  becomes  larger.  The  resulting  increase  in  bandgap  can  be  evidenced  by  the 
blue  shift  of  photoluminescence  (PL)  measurement  and  photovoltage  measurement. 

DF-MQW  can  be  applied  to  high  power  lasers  with  quite  a  few  advantages  [2]:  (1)  An 
increase  in  the  band  shift  to  shorter  wavelengths  of  the  band  edge  can  be  obtained,  thereby 
improving  the  operation  of  the  high  power  lasers.  (2)  DF-MQW  can  be  easily  obtained  by  using 
the  existing  fabrication  technologies. 
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High  output  power  lasers  are  receiving  a  lot  of  attention  for  several  different  implications 
[3,4]  such  as  free-space  communications,  optical  storage,  high-density  optical  disk  memory 
systems  and  high-speed  laser  beam  printers.  The  optical  output  power  of  semiconductor  lasers  is 
however  limited  by  catastrophic  optical  damage  (COD)  [3-6]  which  results  from  local 
degradation  of  laser  mirrors  by  laser  light  absorption  in  depleted  regions  as  a  consequence  of 
thermal  runaway.  Moreover,  larger  threshold  current  is  necessary  for  high  power  lasing 
operation.  Consequently,  the  thickness  of  the  active  layer  has  to  be  increased  and  lower  output 
power  will  be  obtained  [5].  Thus  the  COD  threshold  optical  power  density  has  to  be  increased  to 
cater  for  high  power  laser  operation.  There  are  two  possible  solutions  to  increase  the  COD 
threshold  optical  power  density:  (1)  Increase  the  lasing  cavity  stripe  width  or  (2)  use  ‘window’ 
structure.  The  former  method  has  the  problem  of  instability  and  nonfundamental  far-field 
patterns  [3].  The  latter  method  was  proposed  to  have  the  property  of  less  absorption  adjacent  to 
the  mirror  surface  since  evidence  shows  that  decrease  in  adjacent  mirror  absorption  will  increase 
the  COD  threshold  optical  power  density  [5]. 

The  ‘window’  at  two  ends  of  the  sample  are  produced  by  using  IFVD  on  the  sample.  The 
size  of  the  ‘window’  is  controlled  by  the  size  of  the  SiOj  cap.  IFVD  and  aimealing  promote  the 
degree  of  interdiffusion  of  Ga  and  A1  atoms,  which  results  in  a  modification  of  bandgap  energy 
and  thus  the  refractive  index  .  This  implies  that  a  tunable  operation  wavelength  and  high  laser 
output  power  can  be  obtained.  The  ‘window’  structure  therefore  provide  a  mean  to  improve  the 
reliability  of  the  device  by  reducing  facet  degradation. 

In  this  work,  we  report  full  steps  of  fabrication  procedures  and  the  use  of  IFVD  to  obtain 
the  diffused  AlGaAs/GaAs  MQW.  We  also  present  the  results  of  PL  measurement  and 
photovoltage  measurement  of  the  diffused  AlGaAs/GaAs  MQW  for  determining  the  ‘window’ 
performance  in  the  high  power  ridge  waveguide  laser  diode.  In  addition,  limitation  on  the 
maximum  output  power  has  been  determined. 

Fabrication  and  Experiment 

Undoped  AlGaAs/GaAs  MQW  structure  was  grown  on  a  n^-GaAs  buffer  layer  and 
n’^-GaAs  substrate  by  Molecular  Beam  Epitaxy  (MBE)  in  this  experiment  as  shown  in  Fig.  1. 
The  MQW  consisted  of  five  periods  of  alternating  Alo24Ga<)  7jAs/GaAs  layers  with  both  of  the 
Alo.24Gao.7^s  barriers  and  GaAs  QWs  having  equal  thickness  of  lOOA.  The  MQW  was 
surrounded  by  Alo.24Gao,76As  guiding  layers.  It  was  then  cladded  on  the  top  by  p-Alo44Gao  j«As 
(Be  doped)  and  on  the  bottom  by  n-Alo  44Gao  s6As  (Si-doped)  layers  of  equal  thickness  of  1  pm. 

A  SiOj  layer  of  2000A  was  deposited  on  the  surface  of  the  sample  by  sputtering.  The 
obtained  sample  was  then  put  in  a  quartz  box  for  RTA  at  temperatures  ranging  from  1000  "C  to 
1040  ®C  for  30  sec  in  flowing  nitrogen  at  a  rate  of  2.5  litre/min.  After  annealing,  the  SiOj  cap 
was  removed  in  a  buffered  HF  solution. 

PL  measurements  were  performed  at  room  temperature.  Blue  shift  of  about  30  nm  from 
849.4  nm  to  818.6  nm  was  obtained  which  implies  that  a  good  tunable  operation  wavelength  has 
been  achieved.  Room  temperature  photovoltage  measurements  was  also  used  to  measure  the 
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blue  shift  of  the  bandgap.  These  two  measurements  show  the  tuning  of  bandgap  by  quantum 
wells  intermixing. 

Layer  structure 


p*-GaAs  Ohmic  Contact 

p-  Alo  4<Gao  56As  Upper  Cladding 
i-Aloj4GBo  76AsUpper  Guiding 
i-A!o34Gao7«As/GaAsMQW  Active 
i-Alo  j^Gbo  7jAs  Lower  Guiding 

n-  Alp  44Gao  54  As  Lower  Cladding 
n*-GaAs  Buffer 
n'^-GaAs  Substrate 


Fig.  1.  Schematic  diagram  of  the  diffused  multiple  quantum  wells  structure. 

The  high  power  ridge  waveguide  laser  diode  has  the  same  structure  as  the  as-grown 
sample,  but  the  window  structure  has  been  adopted  to  its  ends  and  p^-GaAs  ohmic  contact  was 
deposited,  as  shown  in  Fig.  2.  The  ridge  is  5  pm  wide  and  1.1  pm  deep.  Light  outr  t  power 
versus  current  characteristics  are  obtained  to  determine  the  maximum  output  power  and  the 
threshold  current. 

Window  region  P-electrode 


1 


Fig.  2.  Schematic  diagram  of  the  high  power  ridge 
waveguide  laser  with  window  structure. 


Results  and  Discussion 

PL  spectra  was  used  for  monitoring  the  degree  of  compositional  disordering  and  the 
transition  energy  between  the  first  heavy  hole  and  electron  states  in  the  AlGaAs/GaAs  system. 
The  PL  measurements  at  room  temperature  are  shown  in  Fig.  3.  For  the  as-grown  sample.  Fig.  3 
curve  (a),  an  emission  peak  at  849.4  nm  and  a  lower  emission  peak  of  shorter  wavelength  of 
843  nm  has  found  due  to  heavy  hole  (HH)  and  light  hole  (LH)  excitonic  transitions  respectively. 
Fig.  3  curve  (b)  is  the  PL  spectrum  of  sample  after  RTA  at  1000  °C  for  30  sec.  The  highest 
emission  peak  has  shifted  to  a  lower  wavelength  of  832.5  nm.  The  shoulder  peak  has 
disappeared.  It  is  due  to  the  broadening  of  PL  spectrum.  Such  phenomenon  shows  the 
intermixing  of  the  barriers  and  the  wells  which  tunes  the  bandgap  of  the  material.  Fig.  3  curve 
(c)  refers  to  another  sample  treated  imder  RTA  at  1020  “C  for  30  sec.  Its  emission  peak  has 
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shifted  to  829.4  nm  with  broadening.  The  broadening  can  be  explained  by  the  increased 
intermixing  of  the  well  and  barrier  layers  together  with  the  well  width  fluctuation  [7]. 


Fig.  3.  Photoluminesccncc  spectra  of  the  DF-MQW  san^le,  for  (a)  tiie  as-grown  sample, 

(b)  RTA  at  1000  “C  shows  a  blue  shift  of  16.9  nm,  (c)  RTA  at  1020  “C  and  (d)  RTA  at 
1040°C  show  larger  blue  shift  up  to  30.8  nm. 

Fig.  3  curve  (d)  shows  the  sample  under  RTA  at  1040  ®C  for  30  sec.  Its  PL  spectrum  shifts 
further  to  the  left,  from  849.4  nm  to  818.6  nm,  giving  30.8  nm  blue  shift  for  its  sample.  The 
degree  of  intermixing  depends  on  the  annealing  temperature.  From  the  measurements, 
intermixing  is  enhanced  with  increasing  temperature. 

To  verify  the  above  result,  photovoltage  measurements  have  been  performed  using 
different  samples  treated  at  different  RTA  temperatures,  and  shown  in  Fig.  4.  The  spectra  shown 
in  the  figure  are  the  as-grown  sample  and  those  at  different  RTA  temperature  for  30  sec.  Three 
absorption  edges  can  be  observed  where  the  one  at  longer  wavelength  represents  the  band  gap 
[8].  Such  absorption  edge  has  the  trend  of  shifting  to  shorter  wavelength  as  the  annealing 
temperature  increases.  The  as-grown  sample  has  an  absorption  edge  at  851  nm  (1.458  eV)  in 
Fig.  4  curve  (a).  If  RTA  is  applied  at  1000  “C  for  30  sec  in  Fig.  4  curve  (b),  blue  shift  of 
absorption  edge  to  839  nm  (1.479eV)  results.  For  higher  temperatures  1020  *C  in  Fig.  4  curve 
(c)  and  1040  “C  in  Fig.  4  curve  (d),  the  blue  shift  is  enhanced  up  to  38  nm  and  30  nm 
respectively.  Thus,  bandgap  enlargement  can  be  characterized  by  the  blue  shift  of  absorption 
edge.  However,  the  measured  absorption  edge  wavelength  at  1020  *C  is  shorter  than  at  1040  *C. 
Such  result  is  unexpected  and  which  may  be  due  to  an  error  in  measurement. 

The  high  power  ridge  waveguide  laser  diode  used  in  this  experiment  adopts  the 
DF-MQW  structure  as  the  windows  at  the  two  ends.  Fig.  5  shows  the  light  output  power 
versus  current  characteristics  of  high  power  ridge  waveguide  laser  diode.  Fig.  5  curve  (a),  shows 
the  output  power  of  a  window  structure  laser  diode  with  a  threshold  current  at  85  mA  and 
maximum  power  of  36  mW.  For  the  conventional  laser  diode  without  the  window  structure. 
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Fig.  5  curve  (b),  a  lower  threshold  current  at  60  mA  and  maximum  power  at  30  mW  result.  The 
increase  in  higher  output  power  is  due  to  the  tuning  of  the  bandgap  at  the  output  window  as  a 
result  of  the  intermixing  of  MQW  which  blue  shifts  the  output  wavelength.  Also,  the  threshold 


Fig.  4.  Photovoltage  spectra  recorded  at  room  temperature.  The  curves 
(a),  (b),  (c)  and  (d)  represent  the  as-grown  sample,  RTA  at 
1000  °C,  1020  "C  and  1040  “C  respectively. 


Fig.  5.  Light  output  power  (P)  versus  current  curve  characteristics  of 
the  high  power  ridge  waveguide  laser  diode,  (a)  is  the  laser 
diode  with  window  structure  and  (b)  conventional  laser  diode 
without  window  structure. 

COD  power  is  observed  to  increase  by  20%  showing  the  potential  of  the  window  structure 
made  by  IFVD  technique  to  obtain  high  power  laser  output. 
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Conclusion 

Diffused  multiple  quantum  wells  can  be  easily  obtained  by  IFVD  under  RTA  at  about 
1000  ”0  for  achieving  a  good  tunable  operation  wavelength  range.  Results  presented  here  show 
such  ability  by  a  large  blue  shift  of  more  than  30  nm  at  an  annealing  temperature  of  1040  ®C. 
This  diflused  QW  structure  has  been  utilized  to  produce  a  window  for  high  power  ridge 
waveguide  laser  diode  with  an  enhanced  COD  threshold  power  up  to  20%.  Therefore,  the 
DF-MQW  window  structure  made  by  IFVD  technique  is  a  very  attractive  technology  to  produce 
high  power  output  in  lasers. 
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ABSTRACT 

We  describe  a  method  of  silicon  oxide  capped  disordering  of  GaAs  /AlGaAs  multiple 
quantum  wells  (MQW)  and  its  application  to  the  fabrication  of  passive  waveguides  integrated 
with  nonlinear  switching  sections.  The  silicon  oxide  cap  in  this  work  was  formed  by  spinning  a 
solution  of  glass  forming  compound  and  curing  it.  The  characteristics  of  the  disordering  process 
has  been  studied  by  monitoring  the  shift  of  the  photoluminescence  as  a  function  of  rapid  thermal 
annealing  temperature  and  fitting  the  n=l  electron  heavy-hole  level  to  that  calculated  from  an 
error  function  diffusion  profile.  Our  results  indicate  a  Ga-Al  inter-diffusion  constant  of  8x10 
ernes’’  at  980°C  and  an  activation  energy  of  4.4eV  which  is  similar  to  values  reported  by  other 
researchers. 

The  disordering  process  is  then  used  to  define  selected  areas  of  disordered  and  non- 
disordered  MQWs  and  ridge  waveguide  structures  were  fabricated  by  conventional 
photolithography  and  wet  chemical  etching.  Two  structures  have  been  studied.  One  is  the 
nonlinear  zero-gap  directional  coupler  with  disordered  input  and  output  branching  waveguides, 
and  the  other  is  the  symmetric  nonlinear  integrated  Mach-Zehnder  interferometer  with  one  arm 
containing  a  non-intermixed  MQW  section.  The  devices  investigated  using  a  pump-probe  set-up, 
exhibited  strong  all-optical  switching  behavior  with  a  contrast  ratio  of  15:1. 

INTRODUCTION 

Multiple  Quantum  Well  (MQW)  structures  have  attractive  electro-optic  and  nonlinear 
properties  at  optical  frequencies  close  to  the  band-gap  frequency.  Many  devices,  such  as  optical 
modulators  and  monolithic  bandgap  tuned  lasers,  rely  heavily  on  quantum  confinement  for  their 
operation  and  offer  improved  performance  over  their  bulk  counterparts.  Other  components,  such 
as  interconnects  and  strip-loaded  waveguides,  need  to  operate  at  optical  frequencies  that  are  non¬ 
resonant  with  the  bandgap  frequency  of  the  semiconductor  so  that  the  waveguide  is  effectively 
transparent  at  the  operating  wavelength.  To  achieve  monolithic  integration  of  several 
optoelectronic  devices  on  a  single  MQW  wafer,  one  should  be  able  to  define  materials  with 
different  optoelectronic  properties  (absorption  coefficient,  material  resistivity  and  refractive 
index)  at  different  locations.  Although  MQWs  with  different  compositions  and  thicknesses  can 
be  realized  during  growth,  this  method  of  integrating  optoelectronic  devices  requires  extensive 
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growth  capabilities  and  the  growth  conditions  are  very  critical  for  the  realization  of  high  quality 
structures  and  achieving  reproducible  results. 

Post-growth  disordering  of  MQW  layers  have  been  investigated  for  some  time  now  and 
that  process  holds  great  promise  in  the  realization  of  integrated  optical  devices*.  MQW’s  can  be 
selectively  disordered  in  a  variety  of  ways,  such  as  impuriw  induced  disordering^,  laser  induced 
disordering^'  ion-implantation-enhanced  interdifflision^’^and  vacancy  induced  disordering^  ’. 
Of  these  processes,  the  impurity-fiee  vacancy  induced  disordering  (IFVD)  appear  to  have  the  best 
characteristics.  Since  it  is  an  impurity-free  process,  waveguides  fabricate  in  such  disordered 
materials  do  not  experience  attenuation  due  to  free-carrier  absorption.  We  have  developed  a 
simple  means  of  achieving  disordering  of  MQW  structures  that  is  also  fully  compatible  with 
other  semiconductor  device  fabrication  techniques.  The  process  is  affordable,  area-selective,  and 
highly  reproducible.  Room  temperature  photoluminescence  (PL)  characterization  indicates  a 
40nm  possible  blue  shift  in  the  peak  emission  wavelength  as  a  result  of  the  disordering  process. 
We  used  this  process  to  realize  two  devices:  One  is  an  all-optical  switch  that  has  a  nonlinear 
mode-beating  section  coupled  with  low-loss  branching  waveguides.  The  other  is  an  integrated 
Mach-Zehnder  optical  modulator  that  has  one  non-intermixed  arm  wfrile  the  other  arm  and  the 
rest  of  the  structure  are  made  of  disordered  MQW  structure.  Pump-probe  measurements  were 
done  on  the  devices  to  study  the  switching  characteristics  of  these  integrated  devices. 

EXPERIMENTAL  PROCEDURE 

The  MQW  waveguide  structure  used  in  this  work  consists  of  38  periods  of  70A  GaAs 
layers  alternating  with  70A  Alo  sGa©  tAs  layers.  The  MQW  waveguide  core  was  clad  by  a  O.Spm 
thick  Alo3Gao7As  layer  on  the  top  and  a  2pm  thick  AlojGaoTAs  layer  on  the  bottom.  The 
structure  was  grown  by  molecular  beam  epitaxy(MBE)  on  an  undoped  GaAs  substrate.  In  order 
to  achieve  controlled  intermixing  between  the  GaAs  quantum  wells  and  the  AlGaAs  barriers,  the 
surface  of  the  sample  was  coated  with  a  thin  film  of  “spin-on-glass”  which  is  a  commercially 
available  solution  of  glass  (SiOx)  forming  compound.  The  thin  film  was  deposited  by  spinning 
the  liquid  on  the  sample  surface  at  a  speed  of  3000  rpm  for  30  seconds,  this  resulted  in  a  film 
thickness  of  230  ran.  The  film  was  then  cured  at  400°(5  for  30  minutes  in  a  constant  flow  of  ultra 
high  purity  air  (78%  nitrogen  and  22%  oxygen).  Localized  compositional  disordering  was  then 
induced  by  photolithographic  definition  and  removal  of  the  SiO,  film  in  selected  regions 
followed  by  rapid  thermally  annealing.  The  rapid  heating  of  the  sample  was  carried  out  in  a 
flowing  nitrogen  atmosphere  in  an  AG  Associates  Heatpulse  210  rapid  thermal  annealer.  The 
sample  was  placed  face  down  on  a  mechanical  grade  undoped  GaAs  substrate  to  protect  the  fru:e 
of  the  sample  and  to  provide  overpresure  of  As  so  as  to  minimize  its  desorption.  The  silicon 
oxide  cap  at  the  surface  promotes  out-diffusion  of  Ga  atoms  into  the  cap  layer,  thus  generating 
group  in  vacancies  at  the  surface  of  the  sample.  The  intermixing  is  caused  by  the  inter-diffusion 
of  the  these  vacancies  with  Ga  and  A1  atoms,  with  a  subsequent  diffusion  of  the  vacancies  into 
the  MQW  region  and  the  ensuing  disordering  of  the  quantum  wells.  There  have  been  previous 
reports  on  the  use  of  Si02  to  enhance  the  intermixing  of  group  m-V  multiquantum  well 
structures'  **^’**.  Rapid  thermal  annealing  of  a  sample  that  is  enc^ulated  by  an  SiOx  cap  layer 
deposited  on  the  surface  by  either  chemical  vapor  deposition  or  electron  beam  evaporation  results 
in  a  significant  blue  shift  of  the  band-edge.  The  magnitude  of  the  blue  shift  is  a  function  of  the 
annealing  time  and  temperature.  The  main  difference  between  this  work  and  the  previously 
reported  work  is  the  simplicity  of  the  current  technique  that  is  used  to  generate  the  vacancies  and 
enhance  the  impurity  free  vacancy  diffusion  in  the  heterostructure. 

In  order  to  characterize  our  method  of  IFVD,  different  samples  measuring  3x4  mm^  of  the 
MQW  structure  described  above  were  first  cleaned  with  solvents,  and  then  coated  with  spin-on 
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glass  and  cured  at  400°C  for  30  minutes  in  a  nitrogen/oxygen  atmosphere.  Conventional 
photolithography  and  photoresist  masking  was  then  used  to  etch  off  the  SiOx  layer  from  the 
surface  of  one  half  of  each  sample  by  immersing  them  in  a  buffered  oxide  etchant  (BOE)  (1:9 
HF:H20)  for  30  seconds.  The  samples  were  then  annealed  separately  for  20  seconds  at 
temperatures  of  960,  970,  980,  and  1 000“C  respectively.  The  degree  of  disordering  was  measured 
by  comparing  the  room  temperature  PL  of  the  SiOx-capped  region,  the  uncapped  region,  and  an 
as-grown  sample.  The  samples  were  excited  by  a  focused  15mW  He-Ne  laser  beam  (632.8nm), 
and  the  PL  was  collected  by  a  lens  onto  a  monochromator  connected  to  an  optical  multichannel 
analyzer.  As  the  A1  atoms  diffuse  into  the  quantum  well  region,  the  abruptness  of  the  interfaces  is 
destroyed  and  the  subband  energies  move 
apart,  resulting  in  an  increase  in  the  n=l 
electron  to  heavy-hole  transition  energy. 

The  thermal  annealing  was  carried  out  for 
20  seconds  over  a  range  of  temperatures  and 
the  PL  shift  as  a  function  of  temperature 
was  plotted  as  shown  in  figure  1 .  The  heavy 
hole  (hh)  and  light  hole  (Ih)  exciton 
transitions  that  are  clearly  resolved  for  the 
as-grown  remain  clearly  resolved  after  the 
annealing  for  the  uncapped  sample.  The 
measurement  indicates  that  the  MQW 
intermixing  using  this  method  results  in  a 
difference  of  37  nm  or  more  between  the  Temperature  (“c) 

blue  shifted  effective  band  edge  of  the  Figure  1.  Plot  ofPL  shift  as  a  function  of  annea!  temperature 
coated  and  that  of  the  uncoated  samples.  (anneal  time  was  20s  in  all  cases). 
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THEORETICAL  MODELING 


To  model  the  interdifftision  of  A1  and  Ga  atoms  in  a  single  QW,  Pick’s  equation  is  solved 
assuming  constant  diffusion  coefficients,  D,  that  is  independent  of  the  initial  A1  composition  of 
the  barrier  layers 

d  x{z,t)  ^  d^x 

d  t  d 

where  x(z,t)  is  the  A1  concentration  at  position  z  after  aimealing  for  t  seconds.  The  A1 
composition  varies  across  an  intermixed  centered  at  z=0  is  given  by 


x{z)  -  xA 


z-L/2) 

2V^  ) 


z+L/2\ 
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where  xq  is  the  initial  A1  composition  of  the  barrier,  L  is  the  initial  well  width,  D  is  the  diffusion, 
t  is  the  annealing  time,  and  erfis  the  error  function.  As  a  result  of  this  alteration  of  this  potential 
profile,  the  quantized  energy  levels  inside  the  QW  are  increased.  This  increase  is  dependent  on 
the  initial  width  of  the  QW,  the  annealing  time,  the  initial  concentration  of  the  A1  atoms,  jco,  and 
finally  and  most  importantly  the  diffusion  coefficient  which  depends  of  the  number  of  vacancies 
at  the  surface. 

To  find  the  diffusion  coefficient  at  a  given  annealing  time  and  temperature,  we  assume 
that  the  quantum  well  closest  to  the  surface  contributes  to  the  part  of  the  PL  at  its  peak 
wavelength.  We  also  assume  that  there  is  no  coupling  between  the  neighboring  quantum  wells, 
this  assumption  is  valid  because  the  barrier  separating  the  wells  is  thick  enough  to  prevent  any 
noticeable  interaction  between  the  wave  functions  of  the  eigenstates  inside  the  QWs.  Thus,  we 
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can  safely  assume  that  the  calculated  el-hhl  transition  energy  of  a  single  well  corresponds  to  that 
of  our  MQW  structure.  In  the  calculations  of  the  electron  and  heavy>hole  subband  energies,  the 
following  parameters  were  used:  the  effective  masses  of  the  electron  and  the  hh  were  considered 
to  be  0.067m  and  0.48m,  respectively  (where  m  is  the  free  electron  mass).  The  bandgap  energy  as 
a  function  of  the  A1  composition,  x(z),  was  approximated  by 
£,(en  =  1.43  + 1.44 jc(2) 

and  the  energy  offset  ratio  of  the  conduction  to  the  valence  band  was  taken  to  be  65:35. 

The  n=l  e-hh  transition  wavelength  for  the  80 A  QW  was  calculated  to  be  834.6nm,  this 
value  agrees  with  the  measured  PL  of  the  structure  which  was  found  to  peak  at  X=835nm.  The 
values  of  the  diffusion  coefficient  that  correspond  to  the  blue  shift  at  the  annealing  temperatures 
were  calculated  by  an  iterative  procedure.  For  an  assumed  value  of  D,  the  el-hhl  transition 
energy  of  the  intermixed  QW  was  calculated  using  the  transmission  matrix  method'^  and 
compared  to  the  measured  value  until  they  arc  less  than  0.5  meV  apart. 

Figure  2  shows  the  deduced  values  - - - - - - - - - - - - 

of  Z)  plotted  as  a  function  of  (1/kT)  for  both 
the  capped  and  the  uncapped  samples.  A 

curve  fit  of  the  data  gives  a  single  activation  S*Q  •ncapftuMM  I 

energy  of  E#  «  4.4eV.  This  value  is  in  good 

agreement  with  the  results  reported  in  the  |  ^ 

literature The  fact  that  almost  identical  | 

activation  energies  were  obtained  for  both  - - • 

curves  implies  that  the  dissimilarity  in  g 
disordering  behavior  between  the  SiO*  | 
capped  and  uncapped  sample  is  due  to  the  ^ 
difference  in  the  number  of  vacancies 

generated  at  the  surface  of  the  samples.  It  is  *10  tx  •»  •«>  ■4s 

evident  that  the  diffusion  coefficient  for  the  ^kT(ev  ') 

SiOx  capped  sample  is  one  order  of  Figure  2.  Plot  of  the  deduced  values  of  the  diffusion 


magnitude  greater  than  that  tor  the  coefficient  vs.  lAT  for  both  the  capped  and  the 

uncapped  samples.  uncapped  samples. 

A  single-mode  ridge  waveguide  was  fabricated  firom  an  intermixed  sample  and  the 
waveguiding  losses  were  measured  using  a  thermally  scanned  Fabry-Perot  transmission 
technique.  For  this  measurement,  a  cw  Ti:sapphire  laser  with  an  intracavity  fr^uency  narrowing 
etalon  was  employed  for  stable  narrow  linewidth  operation.  The  measurements  of  the  Fabry- 
Perot  fringes  indicated  that  scattering  losses  due  to  the  vacancy  induced  disordering  was  around 
lOdB/cm.  While  this  value  is  still  too  high  for  the  technique  to  be  applicable  to  the  integration  of 
several  devices,  a  simple  demonstration  of  its  intended  use  has  been  performed  with  the 
integrated  all-optical  devices  described  in  the  next  section. 


ALL-OPTICAL  DEVICES  EMPLOYING  RESONANT  NONLINEARmES 
The  first  device  described  in  this  paper  is  the  zero-gap  nonlinear  directional  coiq)ler 
(NLDC)  which  consists  of  a  single  mode  input  waveguide,  a  dual-mode  coupling  section  and  two 
single-mode  output  waveguides.  Except  for  the  mode-beating  section,  all  regions  of  the  MQWs 
were  intermixed  to  blue  shift  the  band-edge  away  from  the  device  operating  wavelength.  After 
the  silicon  oxide  was  spun  on  the  surface,  the  film  was  cured  as  described  above.  Then  using  a 
contact  mask  photolithographic  process  to  define  windows  measuring  100x500  pm^  in  positive 
photoresist,  a  buffered  oxide  etch  (BOE)  was  used  to  remove  the  oxide  film  within  the  exposed 
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windows.  After  removing  the  photoresist,  the  sample  was  subjected  to  rapid  thermal  annealing  at 
980°C  for  20  seconds  to  diffuse  the  vacancies  into  the  MQW  region.  Thus  the  whole  sample 
except  for  the  windowed  sections,  was  intermixed.  The  zero-gap  directional  coupler  was  defined 
using  a  second  step  photolithography  and  aligned  carefully  so  that  the  double-mode  waveguide 
sections  are  exactly  within  the  non-intermixed  windows.  Using  a  wet  chemical  etch  consisting  of 
H3P04:H202:H20  solution  in  the  ratios  of  1:1:10,  a  350  nm  thickness  of  the  cladding  layer  is 
etched  off  to  form  cladding  ridges  for  3.4)xm  wide  double-mode  switching  sections  with  l.Tpm 
wide  single  mode  waveguides.  Finally  the  GaAs  substrate  was  polished  down  to  100pm 
thickness  and  the  sample  was  cleaved  to  a  total  length  of  1 .7mm  assuring  good  facets. 

The  switching  characteristics  of  the  devices  were  measured  using  an  optical  pump-probe 
set-up.  Wavelength  tunable,  sub-picosecond  pulses  were  obtained  from  a  self-modelocked 


Ti:  sapphire  laser  pumped  by  a  cw  argon  ion 
laser.  The  control  beam  was  polarized  in 
the  TE  (horizontal)  configuration  while  the 
mechanically  chopped  signal  beam  was 
polarized  in  the  TM  (vertical)  direction. 
The  two  beams  were  recombined  co-linearly 
and  focused  into  the  input  waveguide.  The 
light  at  the  output  of  the  device  was 
collected  by  a  microscope  objective  lens  and 
imaged  onto  a  CCD  camera.  A  polarizer 
placed  at  the  output  of  the  waveguide  was 
used  to  filter  out  the  control  beam.  The 
throughput  of  the  signal  beam  from  either 
output  port  was  measured  by  a  silicon 
photo-detector  with  a  small  aperture.  Lock- 
in  detection  was  used  to  measure  the  signal 
beam  at  the  output  port  as  a  function  of  time 
delay  between  the  control  and  signal  beam. 
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Figure  3.  Switching  of  the  transmission  of  the  signal  pulses 
through  the  output  channels  A  and  B  as  a  fimction 
of  the  time  delay  with  the  control  pulses. 


Figure  3  shows  the  transmission  of  the  signal  in  the  two  output  ports  of  the  NLDC  as  a  function 


of  the  delay  between  the  pump  and  the 
probe  beams.  The  initial  63:37  split  ratio  of 
the  output  ports  was  switched  to  30:70  with 
an  exponential  recovery  time  constant  of 
around  300  ps.  The  total  power  through  the 
two  output  ports  remained  constant  and 
hence  indicated  that  negligible  nonlinear 
absorption  took  place. 

The  second  device  is  the  integrated 
Mach-Zehnder  (MZ)  optical  modulator.  It 
contains  a  500pm  long  active  switching 
region  of  non-intermixed  MQW  in  one  arm, 
while  the  other  arm  and  the  rest  of  the 
structure  were  made  of  disordered  MQW. 
The  same  process  described  for  the  above 
was  also  used  in  the  fabrication  of  this 
device  except  that  in  this  case  the  defined 
windows  measured  20x500(pm)^.  PL 
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Figure  4.  Probe  transmission  in  an  integrated  Mach-Zehnder 
interferometer  as  a  function  of  the  delay  between  the 
signal  and  the  control  pulses. 
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measurements  showed  a  distinctive  difference  between  the  peak  wavelengths  of  the 
luminescence  from  the  windowed  (non-intermixed)  and  the  intermixed  regions.  This  indicates 
that  the  technique  is  highly  area-selective.  The  same  optical  setup  was  used  to  measure  the 
switching  performance  of  the  integrated  Mach-Zchnder  device.  Figure  4  shows  the  output  power 
being  modulated  by  the  injection  of  a  strong  optical  pump  pulse.  The  device  has  a  switch  contrast 
of  15  to  1  and  it  too  exhibited  an  exponential  recovery  time  constant  of  about  300  ps. 

CONCLUSIONS 

We  have  developed  an  inexpensive  and  reliable  process  for  the  area-selective  disordering 
of  MQW  structures.  The  scattering  losses  due  to  the  vacancy  induced  disordering  was  measured 
to  be  less  than  lOdB/cm  and  work  is  currently  underway  to  further  improve  on  the  waveguiding 
quality  of  the  disordered  MQWs.  This  technique  has  been  applied  to  the  fabrication  of  two 
integrated  optical  devices.  In  both  devices,  the  mechanism  for  the  switching  is  the  nonlinear 
refractive  index  that  is  caused  by  photo-generated  carriers.  Since  this  mechanism  entails 
absorption  of  some  of  the  pump  beam,  it  is  hence  very  important  that  the  optical  absorption  be 
confined  to  the  active  sections  only.  Selective  area  disordering  is  shown  to  be  very  effective  at 
defining  regions  of  different  bandgap  energies.  Hence  it  can  be  ensured  that  the  energy  of  the 
pump  laser  beam  is  too  low  in  comparison  to  the  bandgap  energy  of  the  passive  regions  to  be 
absorbed  and  the  free  carriers  are  only  created  in  the  non-intermixed  active  sections.  The 
controlled  selective  area  intermixing  of  MQW  structures  will  potentially  play  a  significant  role  in 
the  advancement  of  photonic  integrated  circuits. 
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MODELING  OF  Be  DIFFUSION  IN  InGaAs  EPITAXIAL  STRUCTURES 
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ABSTRACT 

The  subject  of  this  work  is  the  simulation  of  Be  diffusion  during  post-growth  Rapid 
Thermal  Annealing  (RTA)  of  InGaAs  epitaxial  layers  grown  by  Chemical  Beam  Epitaxy  (CBE). 
This  diffusion  may  occur  during  thermal  treatments  of  InGaAs/InP  Heterojunction  Bipolar 
Transistors  (HBT's),  which  contributes  to  limit  the  frequency  performances  of  these  devices.  In 
order  to  characterize  the  Be  depth  profiles.  Secondary  Ion  Mass  Spectrometry  (SIMS)  has  been 
used.  The  concentration  dependent  diffUsivity  has  been  covered  to  perform  an  improved  data 
fitting  of  Be  diffusion  profiles.  In  a  first  step,  the  solid  state  diffusion  mechanisms  have  been 
developed,  including  the  Substitutional-Interstitial  Diffusion  (SID)  and,  in  particular.  Kick-out 
mechanism.  To  explain  the  observed  concentration  profiles  and  related  diffusion  mechanisms,  a 
Generalized  Substitutional-Interstitial  Diffusion  model  is  proposed.  A  simultaneous  diffusion  by 
Dissociative  and  Kick-out  mechanisms  is  suggested.  Good  agreements  between  experimental 
depth  profiles  and  simulated  curves  have  been  obtained. 

INTRODUCTION 

The  device  performances  of  InGaAsAnP  Heterojunction  Bipolar  Transistor  could  be 
strongly  improved  by  reduction  of  the  InGaAs  base  sheet  resistance  using  high  p-type  doping 
level.  However,  an  excessive  diffusion  of  such  dopants  from  the  base  to  the  emitter  during  post¬ 
growth  technological  processes  can  cause  severe  degradations  of  HBT's  [1],  Consequently,  the 
base  dopant  diffusion  control  during  epitaxial  growth  and  post-growth  technological  processes  is 
essential.  Be  and  Zn  diffusion  in  GaAs  compounds  have  been  extensively  studied  in  the  past  [2-8]. 
They  have  been  found  based  on  Dissociative  [2,3]  or  Kick-out  [4,5]  mechanisms.  Comparing  the 
two  models,  some  authors  found  that  the  second  one  have  an  advantage  over  first  [5,6].  In 
contrast,  investigations  on  p-type  dopant  diffusion  in  InP  based  epitaxial  compounds,  particularly 
Be  in  InGaAs,  are  still  limited  [7,8], 

The  aim  of  this  work  is  to  investigate  the  Be  diffusion  during  post-grown  annealing  in  order 
to  control  the  concentration  profiles  of  this  dopant  in  InGaAs  epitaxial  layers.  This  requires 
reliable  fitting  operations  of  the  Be  redistribution  during  RTA. 

EXPERIMENT 

A  rigorous  optimization  of  the  growth  conditions  has  been  already  performed  at  the  CNET 
laboratories  which  has  allowed  to  minimize  the  Be  diffijsion  from  InGaAs  base  layer  during 
growth  [9].  Epitaxial  layers  were  grown  by  Chemical  Beam  Epitaxy  on  a  <  100  >  oriented  semi- 
insulating  InP  substrates  in  a  Riber  2300  CBE  apparatus  [9].  At  first,  O.ljim  InP  buffer  layer  was 
grown,  followed  by  0.5|im  undoped  InQ53Gao47As  layer  and  then  0.2jim  Be-doped 
In^jjGao^yAs  layer  with  different  Be  doping  levels  (5xl0'^lxl0*^  and  SxlO'^cni"^).  Finally, 
an  undoped  In^  jjGao^^As  layer  of  0.5|im  was  grown  on  the  Be  doped  layer.  The  undoped  layers 
were  grown  at  a  rate  of  1.76pm  /  h  and  doped  ones  at  2. 40pm  /  h  with  a  V/III  flux  ratio  of  2  and 
a  substrate  temperature  of  500°C.  This  combination  of  flux  ratio  and  growth  temperature  gives 
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the  best  material  quality,  improving  its  electrical  proprieties.  The  low  flux  ratio  is  necessary  to 
ensure  the  "arsenic  stabilized  surface"  at  500°C 

The  post-growth  Rapid  Thermal  Annealing  was  performed  in  a  halogen  lamp  furnace 
ADD  AX  XM.  The  wafers  were  annealed  in  flowing  (Ar  +  10%  HJ  gas.  The  temperature  cycles 
were  monitored  by  a  thermocouple  attached  to  the  sample  holder.  RTA  was  carried  out  at 
temperatures  in  the  range  of  500-800®C  using  a  heating  rate  of  about  28°C/s. 

The  resulting  samples  were  depth  profiled  in  Cameca  IMS-4F  SIMS  apparatus,  equipped 
with  oxygen  source,  using  a  primary  beam  of  3.5KeV  impact  energy. 

RESULTS 

We  have  observed  that  there  is  no  significant  Be  diffusion  during  the  post-growth  annealing 
for  all  doping  levels  (Sx  10'*,  lx  10”  and  3xl0”cm*^)  if  RTA  is  performed  at  500  and  600°C 
during  time  lower  than  Imin.  The  same  observation  has  been  made  for  the  samples  doped  to 
5xl0‘*cm"^  and  annealed  at  700°C  during  30s.  In  contrast,  in  the  case  of  3xl0”cm'’  Be 
concentration,  an  important  Be  diffusion  occurs  for  temperatures  and  times  higher  then  700°  C 
and  Imin  respectively  (solid  lines  in  Figs.  l(a,b)). 


Figs.  l(a,b).  SIMS  diffusion  profiles  (solid  lines)  and  calculated  curves  (dashed  and  dotted  lines) 
for  3x  10”cm“^  Be  doping  level,  700°C  annealing  temperature  and  annealing  time  of :  (a)  2 min 

and  (b)  3  min 


I.  A  General  SID  model  in  the  case  of  time  independent  Be  effective  difflisivity. 

If  the  Be  diffusion  coefficient  is  a  function  of  the  Be  concentration  only  and  the  total  dopant 
of  finite  source  (initially  close  to  a  thin  layer)  remains  invariant  with  diffusion  time,  a  modified 
version  of  the  Boltzmann-Matano  analysis  could  be  used  for  obtaining  a  functional  dependence 
between  the  difflisivity  of  beryllium  and  its  concentration  [10]  The  Boltzmann-Matano  technique 
has  been  applied  to  our  depth  profiles  and  so,  permitted  to  deduce  that  the  Be  effective  diffusion 
coefficient  D^^r  approximately  constant  for  the  high  part  of  the  experimental  curves  and 
proportional  to  the  square  root  of  concentration  for  the  low  part  [11,12].  Thus,  the  high 


408 


concentration  profile  portions  have  been  fitted  by  error-function  distribution  [13],  We  used  the 
value  of  1. 8  X 10“^^  cm^  s"'  for  the  parameter  (dashed  curves  in  Figs.  1). 

Assuming  that  the  Be  effective  diffusivity  is  proportional  to  the  square  root  of  Be 
concentration  for  low  concentration  profile  part,  we  substituted  its  expression 
‘y/c(x,t)/C„^.^  into  Fick's  second  law  and  solved  numerically  the  resulting  differential 
equation  by  finite-difference  explicit  scheme  [14]  using  the  maximum  effective  diffusion 
coefficient  =  1.28xl0~’^cm^  corresponding  to  the  maximum  concentration 

Cmax  =  1.1  xlO’^cm"^  of  Be  species  in  the  doped  layer  at  t  =  0,  which  contribute  in  the  «  yfC 
dependence  mechanism  (dotted  curves  in  Figs.  1). 

To  explain  these  results,  a  General  SID  model  has  been  proposed  combining  a  simultaneous 
diffusion  by  Dissociative  and  Kick-out  mechanisms.  On  the  other  hand,  the  Fermi-level  effect  is 
used  to  explain  the  functional  dependence  variation  of  the  effective  diffusion  coefficient  of  Be 
with  concentration  [11,12]. 

II.  Kick-out  diffusion  model  adapted  to  our  experimental  conditions 

Under  point  defect  nonequilibrium,  the  Kick-out  mechanism  with  the  neutral  beryllium 
interstitial  species  Be”  and  the  singly  ionized  Ga  and  In  self-interstitials  Ij],  ,  given  by  reaction 

Be”4Be:+i;j  (1) 


(where  Be'  is  the  singly  negatively  charged  Be  substitutional  species)  could  be  used  to  obtain 
quantitative  data  fits.  We  suggested  that  local  instantaneous  equilibrium  between  interstitial  and 
substitutional  Be  is  reached  at  any  location  and  any  moment.  Consequently,  the  law  of  mass 
action  applied  to  reaction  (1)  gives  : 


c,c,  c^cr 


(2) 


where  K  is  the  reaction  constant  and  denote  the  equilibrium  concentrations  of 

Be”,  Be',  Ij|ji  species  respectively  in  the  doped  layer  at  initial  instant.  Taking  into  account  Fermi- 
level  and  electric  build-in  effects,  we  obtained  the  following  differential  equation  system  ; 


at  at  '  ax' 


(3) 

(4) 


Eq.  (3)  gives  the  increase  rate  of  the  Be  atoms  supposing  the  diffusion  coefficient  of  the 
substitutional  beryllium  D^  negligible  in  comparison  with  the  diffusion  coefficient  of  the  interstitial 
beryllium  D;  .  Eq.  (4)  gives  the  rate  of  increase  (for  in-diffusion)  or  decrease  (for  out-diffusion)  of 
the  Ga  and  In  self-interstitials,  where  the  first  term  on  the  right  hand  side  represents  self¬ 
interstitials  losed  (gained)  by  the  diffusion  of  these  last  with  the  self-interstitial  diffusivity  Dj  ;  the 
second  term  represents  gain  of  self-interstitials  due  to  interstitial  Be  transforming  into 
substitutional  ;  the  third  term  is  the  bulk  annihilation  (production)  of  self-interstitials  by 
dislocation  climb  with  the  coefficient  of  annihilation  (production)  kj  ;  the  fourth  term  is  due  to  the 
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electric  field  produced  by  the  charge  distribution  (with  the  negative  sign  because  of  the  positively 
charged  nature  of  the  Ij,  species).  The  IJi,  thermal  equilibrium  concentration  CP’(p)  changes  with 
Be  concentration  according  to  Fermi-level  effect  [15] : 

Cr(p)  =  cr'(n,)x-E-  (5) 

where  Cp(nJ  is  the  thermal  equilibrium  concentration  under  intrinsic  conditions  (n.  denotes 
intrinsic  carrier  concentration)  and  p  is  the  local  hole  concentration,  given  by  ; 

p  =  |(c.  +  Vc7TV)  (6) 


Eqs.  (2)-(6)  have  been  solved  simultaneously  numerically  using  finite  difference  explicit  scheme. 
The  experimental  profiles  have  been  fitted  with  the  calculated  curves  using  the  simulation 
parameters  listed  in  Tab.  I. 


111 

Kin 

[cm’] 

WBBM 

D, 

[cm’  s  '] 

D, 

[cm’  s  '] 

BW 

3x10" 

3x10" 

2x10” 

1.4x10'* 

9x10" 

3x10" 

0.6  1 

Table  I.  Simulation  parameters  used  for  obtaining  the  theoretical  curves  (dashed  lines)  in  Figs  2 


The  results  of  this  simulation  are  given  in  Figs.  2.  We  were  not  able  to  obtain  satisfactory  fitting 
using  the  Kick-out  model  with  the  charged  interstitial  Be  because  of  the  strong  influence  of 
electric  build-in  effect  [5].  It  has  been  also  impossible  to  fit  the  depth  profiles  using  Dissociative 
diffusion  model  with  charged  or  neutral  interstitial  Be  and  charged  or  neutral  Ga  and  In  vacancies 


Figs.  2(a,b).  SIMS  diffusion  profiles  (solid  lines)  and  calculated  curves  (Kick-out  model  :  dashed 
lines,  Generalized  SID  model :  dotted  lines)  for  3xl0'’cm‘^  Be  doping  level,  700°C  annealing 
temperature  and  annealing  time  of :  (a)  2  min  and  (b)  3  min 
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III.  A  General  SID  model  in  the  case  of  time  dependent  Be  effective  difflisivity. 

Assuming  the  point  defect  nonequilibrium,  we  suggested  that  the  Be  diffiision  in  InGaAs  is 
governed  by  Kick-out  and  Dissociative  mechanisms  simultaneously  with  neutral  beryllium 
interstitial  species  Be° ,  singly  ionized  Ga  and  In  self-interstitials  I[„  and  singly  negatively  charged 
Ga  and  In  vacancies  Vj7,  : 

J  Be”  <=>  Be; -Hi;, 

[yBe^+YV- oyBe: 

These  reactions  combine  to  give  the  following  expression  ; 

(1  +  7)66°  +  yV“  «(1  +  Y)Be:  +  I^j,  (9) 

In  general  case  the  coefficient  y , which  characterizes  the  dissociative  part  in  diffusion,  depends  on 
X  and  t.  In  a  first  approximation,  it  has  been  considered  constant  and  equals  to  1  (equiprobability 
of  two  mechanisms  on  average).  So,  Eq.  (9)  transforms  into  : 

2Be;’  +  Vi„<^2Be:  +  i;,  (10) 

giving  rise  (assuming  the  condition  of  instantaneous  equilibrium  between  Be°  and  Be“  species)  to 
the  mass  action  relation  ; 


(V) 

(8) 


c.^c,  _  (cr)'c:^ ..  j,, 
c,^c,  (cr')"cr' 


(11) 


where  K'  is  the  reaction  constant  and  is  the  V"j  equilibrium  concentration  in  the  doped  layer 
at  t  =  0.  The  reaction  (8)  add  to  the  system  of  Eqs.  (3)  and  (4)  the  following  differential  equation: 


ac,  ^  ac,  ^ 


x[C.-C:’(p)]+D,£- 


(12) 


This  last  gives  the  decrease  rate  (for  in-diffiision)  or  increase  (for  out-diffusion)  of  the  Ga  and  In 
vacancies,  where  the  first  term  on  the  right  hand  side  represents  vacancies  gained  (losed)  by 
diffusion  (with  the  vacancy  difflisivity  D^),  the  second  represents  loss  of  vacancies  due  to 
interstitial  Be  going  substitutional,  the  third  term  is  the  bulk  production  (annihilation)  of  vacancies 
by  dislocation  climb  with  the  coefficient  of  production  (annihilation)  k„  ,  the  fourth  term  is  due  to 
the  electric  field  produced  by  the  charge  distribution  (with  the  positive  sign  because  of  the 
negatively  charged  nature  of  the  Vjj,  species).  The  Vjjj  thermal  equilibrium  concentration  C'‘’(p) 
changes  with  Be  concentration  according  to  Fermi-level  effect  [15]  ; 


c:’(p)=c;(ni)x-^^ 

P 


(13) 


where  C”^(n;)  is  the  V",  thermal  equilibrium  concentration  under  intrinsic  conditions.  Eqs.(3)-(6), 
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(1 1)-(13)  have  been  solved  simultaneously  numerically  using  finite  difference  explicit  scheme  The 
depth  profiles  have  been  fitted  with  the  simulation  parameters  listed  in  Table  II ; 


C“* 

[cm-] 

cr 

(cm-’] 

[cm-’] 

cr(n,) 

[cm-’] 

D. 

[cm^  s  ’] 

D, 

[cm^  s  '] 

m 

cr(nj 

[cm-’] 

D, 

[cm^  s  '] 

Qj; 

3x10*’ 

3x10*’ 

2x10*’ 

3.5x10’" 

SxlO” 

1 X  lO'** 

1.1 

1.7x10" 

7x10"" 

Table  II.  Simulation  parameters  used  for  obtaining  the  theoretical  curves  (dotted  lines)  in  Figs.  2 


It  could  be  seen  that  the  Generalized  SID  model  gives  better  simulation  results  than  Kick-out 
diffusion  model  (see  Figs.  2) 

CONCLUSIONS 

In  summary,  a  General  Substitutional-Interstitial  Diffusion  model  in  the  case  of  point  defect 
nonequilibrium  is  proposed  to  explain  the  experimental  profiles  of  Be  diffusion  in  InGaAs 
compounds.  This  model,  based  on  simultaneous  diffusion  by  Dissociative  and  Kick-out 
mechanisms,  gives  the  better  simulation  of  experimental  data  in  comparison  with  the  Kick-out 
diffusion  model  modified  according  to  our  experimental  conditions 
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ABSTRACT 

An  essentially  impurity  free,  direct  write  and  potentially  high  spatial  resolution  quantum 
well  intermixing  technique  using  pulsed  laser  irradiation  is  reported.  This  technique  uses  a  Q- 
switched  Nd:YAG  laser  emitting  at  1.06  fim  with  a  pulse  length  of  -20  ns  and  repetition  rate  of 
10  Hz.  The  typical  energy  densities  used  for  both  GalnAs/GalnAsP  and  GaAs/AlGaAs 
structures  were  -  5  mj  mm*2.  Multiphoton  interactions  with  carriers  lead  to  phonon  emission,  the 
phonons  interact  with  the  lattice  thus  generating  point  defects  which  diffuse  during  a  subsequent 
annealing  stage  in  a  rapid  thermal  annealer  and  cause  intermixing.  Photoluminescence 
measurements  have  demonstrated  that  the  spatial  resolution  of  the  process  is  better  than  the 
resolution  of  the  PL  measurement  (ie  better  than  25  pm)  and  the  technique  has  been  used  to  write 
directly  a  grating  of  period  1.25  (im  into  a  GalnAs/GalnAsP  quantum  well  structure.  This  was 
achieved  using  a  grating  of  period  2.5  pm  etched  into  the  surface  of  the  substrate;  when 
illurmnated  by  the  Q-switched  pulses  this  grating  generated  a  volume  hologram  of  point  defects 
within  the  sample  at  half  the  etched  period.  A  clear  dip  in  the  transmission  spectrum  of  the 
waveguide  which  had  been  processed  in  this  way  was  observed  at  1.525  pm.  Differential 
bandgap  shifts  of  up  to  40  meV  have  been  observed  in  GaAs/AlGaAs  double  quantum  well 
samples.  3  pm  wide  ridge  waveguide  lasers  were  fabricated  from  the  intermixed  and  control 
samples.  The  threshold  currents  of  the  intermixed  and  the  control  lasers  were  comparable.  The 
slope  efficiency  of  the  intermixed  lasers  showed  insignificant  changes  when  compared  to  the  as- 
grown  lasers. 

INTRODUCTION 

Laser  induced  quantum  well  intermixing  (QWI)  processes  for  the  fabrication  of  photonic 
integrated  circuits  (PICs)  have  been  investigated  for  some  time.  In  the  GaAs/AlGaAs  quantum 
well  system,  both  annealing  of  implanted  samples  [1]  and  transient  melting  of  multiple  layers  by 
pulsed  excimer  or  cw  Ar  laser  irradiation  [2]  have  been  shown  to  be  effective.  Transient  melting 
using  scanned  cw  lasers,  with  a  power  density  of  -250  kW  mm-2,  has  been  utilised  to  introduce 
encapsulant  Si  into  the  epitaxial  layers.  This  Si  then  acts  as  an  impurity  induced  disordering 
source  which  takes  place  during  a  subsequent  annealing  stage  [3].  Quantum  well  wires  have  also 
been  fabricated  using  a  tightly  focused  spot  [4]  (intensity  -30  kW  mm-2).  Laser  induced 
processes  have  advantages  over  other  QWI  processes,  such  as  impurity  induced  disordering  (HD) 
and  impurity  free  vacancy  disordering  (IFVD)[5],  in  that  they  are  potentially  impurity  free  and 
offer  the  possibility  of  direct  writing.  However,  they  may  require  high  power  densities  to  melt 
the  material,  may  introduce  thermal  shock  damage  if  us^  in  a  pulsed  mode  and  may  cause  an 
undesirable  redistribution  of  dopants  outwith  the  active  region  of  the  device. 

Photo-absorption  induced  disordering  (PAID)  is  a  laser  induced  QWI  technique 
developed  in  the  GalnAs/GalnAsP  system  [6].  The  laser  radiation  is  absorbed  in  the  quantum 
well  region  generating  heat  and  causing  thermal  intermixing,  with  the  resulting  material  being  of 
high  optical  and  electrical  quality  [7,  8].  However,  the  spatial  selectivity  of  the  technique  is 
limited  by  lateral  heat  flow.  For  monolithic  integration  of  optical  devices,  the  limited  spatial 
selectivity  leads  to  poor  performance  as  the  interface  abruptness  is  -100  fxm. 
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A  new  technique,  which  involves  irradiating  multiple  quantum  well  (MQW)  material 
with  high  energy  laser  pulses  and  producing  transient  heating  in  the  crystal,  is  reported  here  and 
its  application  to  both  InGaAs/InGaAsP  and  GaAs/AlGaAs  laser  structures  is  demonstrated.  In 
both  material  systems,  disruption  to  the  lattice  resulting  from  rapid  thermal  expansion  leads  to  a 
localised  increase  in  the  density  of  point  defects.  The  absorption  mechanism  in  the  two  materials 
varies  slightly.  The  InGaAs/InGaAsP  having  a  bandgap  energy  lower  than  the  photon  energy, 
allows  the  direct  absorption  of  single  photons  whereas  in  the  GaAs/AlGaAs  system,  where  the 
bandgap  is  larger  than  the  photon  energy,  and  two  photon  absorption  is  to  generates  hot  free 
carriers.  The  laser  pulses  are  also  absorbed  by  free  carriers  already  present  in  the  samples  of 
both  material  systems,  such  absorption  also  contributing  to  the  generation  of  heat  within  the 
samples.  The  point  defects  generated  during  the  irradiation  sub^uently  diffuse  during  a  high 
temperature  anneal,  thereby  enhancing  the  quantum  well  intermixing  rate. 

In  the  InGaAs/InGaAsP  system,  measurements  of  the  spatial  resolution  of  the  process  are 
presented,  along  with  the  transmission  spcctram  from  a  grating  feature  which  has  bwn  realised 
in  a  waveguide  by  the  direct-write  technique.  In  the  GaA^AlGaAs  system,  bandgap-tuned  lasers 
which  have  been  fabricated  from  intermixed  material  are  demonstrate. 

EXPERIMENT 

All  samples  were  grown  by  metal  organic  vapour  phase  epitaxy.  The  InGaAs/InGaAsP 
samples  took  the  form  of  a  waveguide  structure  ^wn  on  an  InP  substrate;  were  undoped  and 
lattice-matched  throughout.  The  MQW  layer  consisted  of  five  Gain  As  wells  separated  by  120  A 
GalnAsP  barriers  and  was  bounded  by  two  graded  index  (GRI^  GalnAsP  confining  layers  and 
capped  with  an  InP  cladding  layer.  The  structure  being  essentially  a  laser  structure  without  the 
doping  and  the  contact  layer.  For  the  studies  on  GaAs/AlGaAs  double  quantum  well  (DQW) 
laser  samples,  a  separate  confinement  hctcrostructurc  (SCH)  structure  was  used.  The  DQW 
region  was  undoped  and  consisted  of  two  10  nm  wide  GaAs  quantum  wells,  separated  by  a 
10  nm  Alo.2Gao.8As  barrier.  The  top  and  bottom  Alo.2Gao.8As  barriers  were  0.1  pm  thick.  The 
upper  and  lower  cladding  Alo.4Gao.6As  layers  were  doped  to  5  x  10^^  cm*^  using  carbon  and 
silicon  respectively  and  were  0.9  pm  and  1.5  pm  thick.  The  top  contact  epitaxial  layer  consisted 
of  0.1  pm  of  GaAs  doped  with  5  x  10*8  cm-3  of  zinc. 

A  Q-switched  Nd:YAG  laser,  generating  pulses  ~  20  ns  long  was  employed  with  a 
repetition  rate  of  10  Hz.  Samples  were  irradiated  with  the  Q-switched  laser,  at  room  temperature 
and  at  normal  incidence  to  the  surface,  with  between  600  and  9000  pulses.  The  energy  densities 
used  were  --  5  mj  mm*2  for  the  InGaAs/InGaAsP  samples  and  1.25  mJ  mm"^  for  the 
GaAs/AlGaAs  samples.  The  energy  densities  were  chosen  so  that  the  surface  of  the 
semiconductor  did  not  exhibit  visible  damage,  even  after  10  min  of  exposure.  The 
InGaAs/InGaAsP  samples  were  capped  with  a  200  nm  thick  layer  of  SiC>2  during  laser  irradiation 
in  order  to  prevent  the  desorption  of  the  phosporus;  some  of  the  GaAs/AlGaAs  samples  were  left 
uncapped  in  order  to  determine  the  effect  of  the  cap  on  the  intermixing.  After  irradiation, 
samples  were  annealed  in  a  rapid  thermal  processor  (RTF),  The  annealing  temperatures  and 
times  were  700  *C  and  180  s  for  the  InGaAs/InGaAsP  samples  and  925  *C  and  60  s  for  the 
GaAs/AlGaAs  samples.  The  Si02  cap  was  left  on  the  InGaAs/InGaAsP  samples  during 
ann^ing  to  prevent  the  desorption  of  P.  Before  annealing  the  GaAs/AlGaAs  samples  the  Si02 
capping  layer,  if  present,  was  removed  to  avoid  any  IFVD  effects.  These  samples  were  placed 
face  down  on  a  piece  of  fresh  GaAs  and  another  piece  of  GaAs  was  placed  over  the  back  to 
provide  an  As  overpressure.  Photoluminescence  (PL)  measurements  performed  at  77  K  were 
carried  out  to  study  the  bandgap  shift  after  intermixing. 

To  measure  the  spatial  resolution  of  the  intermixing,  material  was  irradiated  for  20 
minutes  under  the  above  conditions  but,  in  this  case,  a  portion  of  the  sample  was  shielded  from 
the  laser  with  a  metal  mask  suspended  a  few  hundred  microns  above  the  surface.  After  annealing, 
the  77  K  PL  peak  wavelengths  were  measured  along  a  line  perpendicular  to  the  masked  interface. 

1:1  mark-space  ratio  gratings  with  period  of  2.5  pm  were  defined  using  photography  on 
the  substrate  side  of  a  sample  of  die  InGaAs/InGaAsP  material.  The  sample  was  wet-etched 
using  P3H04:HC1  to  produce  the  grating  as  V-grooves  on  the  substrate.  The  resist  was  removed 
and  the  samples  were  irradiated  using  the  pulsed  Nd:YAG  laser  at  normal  incidence  to  the 
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surface  for  5  minutes.  The  grating  on  the  surface  generates  a  volume  hologram  within  the 
sample,  with  a  period  half  that  of  the  surface  grating,  thus  generating  heat  spikes  in  the  quantum 
well  layer  with  a  spatial  resolution  of  the  order  of  1  ^lm.  After  exposure  to  the  laser,  the  samples 
were  annealed  using  RTP  at  700°C  for  60  s.  The  transmission  spectrum  of  a  5  mm  long  slab 
waveguide  was  measured. 

Ridge  waveguide  lasers  were  fabricated  from  samples  of  the  GaAs/AlGaAs  structure,  a 
pulsed-PAID  intermixed  sample,  a  control  sample  which  had  not  been  irradiated  but  had  been 
annealed  and  an  as-grown  sample.  The  ridge  was  3  |im  wide  and  was  dry-etched  to  a  depth  of 
0.8  ^im.  The  lasers  were  tested  under  pulsed  current  conditions  at  room  temperature. 
Measurements  of  the  light/current  (L/I)  characteristics  and  lasing  spectra  were  performed. 

RESULTS 

In  the  InGaAs/InGaAsP  material,  shifts  of  up  to  130  nm  (80  meV)  were  measured 
(Fig.  1).  It  can  be  seen  that  most  of  the  shift  was  produced  after  irradiation  by  as  few  as  300 
pulses  at  the  energy  density  used  here.  Irradiation  by  a  larger  number  of  pulses  produced  only 
slightly  greater  increases  in  the  bandgap.  Therefore,  in  order  to  limit  the  possibility  of  surface 
damage  and  the  formation  of  extended  defects  which  would  inhibit  intermixing,  the  number  of 
pulses  used  in  the  process  was  kept  to  a  minimum. 

A  measurement  of  the  spatial  resolution  of  the  process  is  shown  in  Fig.  2.  The  plot  shows 
the  variation  in  the  peak  wavelength  as  a  function  of  position  across  the  interface  in  steps  of 
25  \im.  It  can  be  seen  that  there  is  a  very  sharp  interface  between  the  disordered  and 
nondisordered  areas  which  indicates  that  the  spatial  resolution  is  at  least  as  good  as  25  pm. 
Measurement  of  the  ultimate  resolution  is  limited  by  the  probe  size  of  the  PL  arrangement.  The 
undulations  in  the  plot  may  be  evidence  of  edge  diffraction  of  the  laser  beam  at  the  mask 
interface,  an  effect  which  would  be  reduced  by  using  gold  reflective  masks  evaporated  directly 
onto  a  silica  coated  surface. 

Fig.  3  shows  the  resulting  transmission  spectrum  from  the  sample  which  had  been 
irradiated  through  the  grating  etched  into  the  substrate.  Also  shown  is  a  spectrum  measured  from 
an  unirradiated  sample  which  had  been  annealed  in  the  RTP  at  the  same  time.  Two  features  are 
apparent:  firstly,  the  absorption  edge  has  shifted  to  shorter  wavelength  in  the  grating  sample  as  a 
result  of  exposure  to  the  Q-switched  laser  pulses,  indicating  that  a  certain  amount  of  intermixing 
has  taken  place  throughout  the  area  where  the  grating  has  been  defined.  Secondly,  there  is  aclear 
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Fig.  1  Shift  in  peak  PL  wavelength  after 
irradiation  and  annealing  as  a  function  of  the 
number  of  laser  pulses. 


Fig,  2  Spatially  resolved  PL  across  and 
interface  between  intermixed  and 
nonintermixed  areas  of  a  sample. 
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Fig.  3:  Transmission  spectra  through 
slab  waveguide  samples  without  a 
grating  (dotted)  and  with  a  grating 
(solid  line). 


transmission  dip  around  1.525  jim.  The  feature  is 
relatively  broad  for  several  reasons — the  grating  itself 
is  weak  because  there  are  only  5  QWs  in  the 
waveguide  and  so  the  refractive  index  difference 
between  the  intermixed  and  nonintermixed  regions  of 
the  grating  is  small,  a  slab  waveguide  sample  was 
assessed  which  would  allow  a  range  of  incident  angles 
on  the  grating  leading  to  Bragg  reflection  over  a  range 
of  wavelengths,  and  the  grating  period  will  not  be 
completely  constant  because  of  undulations  in  the 
surface  on  the  substrate  side  of  the  sample.  The 
presence  of  the  transmission  dip  does,  however, 
provide  evidence  that  a  grating  has  been  formed  within 
the  waveguide. 

Figure  4(a)  shows  the  bandgap  energy  shift  as  a 
function  of  laser  exposure  time.  It  can  be  seen  that  a 
differential  bandgap  shift  of  up  to  40  meV  has  been 
obtained.  Samples  exposed  to  a  large  numbers  of 
pulses  (6000,  10  min  iiiradiation  time)  seem  to  exhibit 
less  intermixing.  A  similar  effect  has  been  observed 
using  B  implantation,  where  it  was  found  that 


increasing  the  dose  above  an  optimum  value  led  to 
smaller  bandgap  shifts.  Transmission  electron  microscope  (TEM)  studies  showed  that  the  point 
defects,  at  the  higher  doses,  coalesced  to  form  extended  defects  such  as  dislocation  loops  [9]. 
Such  extended  defects  are  stable  and  trap  point  defects,  so  inhibiting  the  interdiffusion  of  Ga  and 


The  blue  shift  in  wavelength  as  a  function  of  annealing  temperature  was  also  investigated. 
DQW  samples,  both  with  and  wi&out  the  protection  of  a  Si02  layer  during  laser  irradiation,  were 
suWeeted  to  laser  exposure  for  2  min  (1200  pulses)  and  annealed  at  temperatures  in  the  range  850 
to  925®C  for  60  s.  As-grown  samples  without  laser  exposure  were  also  included  to  act  as  control 
samples.  The  results  are  shown  in  Figure  4(b),  where  it  can  be  seen  that  the  samples  which  had  a 
b^  surface  during  irradiation  show  larger  degrees  of  intermixing  than  those  protected  with  a 
Si()2  layer.  Laser  irradiation  creates  point  defects  by  generating  a  hot  carrier  plasma  which  then 
emits  a  sufficiently  high  concentration  of  phonons  that  the  crystal  structure  is  disrupted!  10].  The 
Nd:YAG  laser  emits  at  a  wavelength  of  1.06  pm,  so  the  photon  energy  is  below  that  of  the 
bandgap  of  any  part  of  the  GaAs/AlGaAs  structure.  The  hot  carrier  plasma,  therefore,  is  created 
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Fig.  4  (a)  Bandgap  energy  shift  of  samples  subjected  to  various  number  of  pulses.  Samples  were 
ann^led  at  925®C  for  ^s.  (b)  Bandgap  shift  of  the  as-grown,  bare  surface  and  Si02  capped 
(during  laser  irradiation)  samples  as  a  function  of  RTF  temperature.  Samples  were  expo^  to  the 
laser  for  2  min  annealed  for  ^  s. 
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by  free  carrier  absorption  due  to  carriers  produced  by  the  grown-in  dopants  and,  given  that  the 
pulse  intensity  is  around  6.25  x  10^®  W  m’^,  by  two  photon  absorption[ll]  followed  by  free 
carrier  absorption.  For  the  samples  with  Si02  caps,  the  absorption  of  photons  and,  hence,  the 
creation  of  point  defects  is  expected  to  be  approximately  uniform  throughout  the  semiconductor. 

Analysis  of  the  dependence  of  the  QWI  rate  on  laser  intensity  suggests  that  between  3 
and  5  photons  are  involved  in  creating  a  point  defect.  In  the  case  of  tihe  uncapped  samples,  the 
laser  pulse  was  directly  incident  on  the  surface  of  the  semiconductor.  The  laser  pulse  possesses  a 
high  enough  peak  intensity  and  energy  density  to  break  the  bonds  between  atoms  of  the 
semiconductor,  ablating  the  surface  atoms  and  creating  point  defects  at  the  surface.  These  point 
defects  could  subsequently  diffuse  and  induce  QWI  during  annealing  at  high  temperature.  It  is 
therefore  suggested  that  the  combined  effect  of  laser  ablation  and  multiphoton  absorption  is 
responsiWe  for  QWI  in  the  uncapped  samples. 

The  L/I  characteristics  of  1  mm  long  lasers,  together  with  lasing  spectra,  from  the  as- 
grown,  the  control  and  the  intermixed  samples  are  given  in  Figure  5(a)  and  5(b).  The  lasing 
spectra  were  recorded  at  a  current  of  about  1.5  times  the  threshold  current  of  the  lasers. 

It  can  be  seen  in  Figure  5(a)  that  the  threshold  current  of  the  intermixed  lasers  increased 
by  about  15%,  however  the  processed  control  laser  also  exhibit  a  similar  increase.  Any  change  in 
the  slope  efficiency  of  the  intermixed  lasers  compared  to  the  as-grown  devices  was  found  to  be 
insignificant.  The  small  increase  in  the  threshold  current  of  the  intermixed  lasers  is  probably 
related  to  depletion  of  As,  since  the  samples  were  only  proximity  capped  during  annealing.  This 
shortcoming  could  be  overcome  by  using  a  dielectric  cap  during  the  RTF  stage.  (No  dielectric 
cap  was  used  in  this  experiment  to  eliminate  IFVD  effects).  The  control  sample  was  found  to 
have  shifted  by  about  10  nm  relative  to  the  as-grown  laser  (Fig.  5(b)).  This  wavelength  shift  is 
undesirable  and  can  also  be  prevented  if  an  intermixing  mask  such  as  SrF2  or  P-doped  SiOi  is 
used  [1,  12].  In  short,  the  lasers  intermixed  using  the  pulsed- PAID  process  are  still  of  high 
quality. 

CONCLUSION 

In  conclusion,  pulsed  PAID,  an  intermixing  process  using  light  from  a  Q-switched 
Nd:YAG  laser,  has  been  developed.  The  technique  has  been  used  to  produce  shifts  of  over 
100  nm  (60  meV)  in  GalnAs/GalnAsP  quantum  well  structures  and  spatially  selective 
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Fig.  5  (a)  The  light/current  characteristics  and  (b)  the  lasing  spectra  from  3  jim  wide  stripe 
lasers  fabricated  from  the  as-grown,  control  (RTF,  without  laser  exposure)  and  the  pulse-PAID 
intermixed  samples. 
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intermixing  with  a  resolution  better  than  25  has  been  demonstrated.  The  process  has  also 
been  used  to  deHne  a  grating  within  a  slab  waveguide  after  epitaxial  growth,  l^e  period  of  the 
grating  is  1.25  |im,  demonstrating  that  the  pulsed  PAID  process  can  be  used  to  define  features  of 
less  than  1  pm. 

The  process  has  also  been  demonstrated  to  induce  QWI  in  GaAs/AlGaAs  structures, 
producing  differential  bandgap  shifts  of  up  to  40  meV.  Bandgap  tuned  lasers  have  been 
fabricated,  confirming  that  processed  material  is  of  high  electrical  and  optical  quality. 
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ABSTRACT 

A  spatially  selective  quantum  well  intermixing  process,  using  phosphorus-doped  silica 
(Si02:P)  containing  5  wt%  P  to  inhibit  intermixing  and  pure  Si02  to  enhance  intermixing,  is 
presented.  The  Si02:P  cap  has  been  found  to  suppress  bandgap  shifts  in  both  p-i-n  and  n4-p 
GaAs/AlGaAs  quantum  well  laser  structures,  with  bandgap  shift  differences  as  large  as  100  meV 
observed  from  samples  capped  with  Si02  and  with  Si02:P  after  rapid  thermal  processing  at 
temperatures  as  high  as  950  °C  for  60  s.  Extended  cavity  ridge  lasers  exhibited  low  threshold 
currents  with  TE  losses  of  3.2  cm-l  measured  in  the  passive  waveguide  sections  at  the  lasing 
wavelength  using  the  Fabry-Perot  resonance  method.  This  value  is  among  the  lowest  reported  so 
far  using  an  impurity-free  disordering  technique. 


INTRODUCTION 

The  impurity-free  vacancy  disordering  (IFVD)  [1]  of  GaAs/AlGaAs  quantum  well  (QW) 
laser  structures  using  Si02  capping  and  rapid  thermal  annealing  (RTA)  is  based  on  the  fast 
out-diffusion  of  Ga  atoms  into  the  cap  layer  creating  group  III  vacancies.  The  diffusion  of  these 
vacancies  toward  the  QW  active  layer,  during  the  annealing  step,  promote  Al-Ga  exchange 
between  barriers  and  wells  leading  to  QW  shape  modification  from  abrupt  to  gradual  with  a 
subsequent  energy  increase  of  the  quantized  levels.  As  arsenic  desorption  from  GaAs  surface 
layers  takes  place  at  annealing  temperatures  around  700  °C  [2],  the  use  of  a  dielectric  mask  is 
crucial  for  preserving  the  surface  quality  of  the  samples  and,  more  important,  for  achieving 
selective  intermixing  across  a  wafer  during  the  annealing  step. 

While  SrF2  [3],  [4]  is  an  effective  mask  for  QW  intermixing  suppression,  our  experience  is 
that,  due  to  thermal  stress  on  the  GaAs  surface,  damage  and  cracks  are  induced  when  the 
annealing  temperature  is  higher  than  930  °C,  limiting  the  maximum  degree  of  selective 
intermixing  achievable.  High  purity  SisNa  films,  deposited  by  plasma  enhanced  chemical 
vapour  deposition  (PECVD),  have  also  been  reported  [5]  as  dielectric  masks  but  they  are  difficult 
to  deposit  reproducibly  because  of  the  systematic  incorporation  of  O2,  resulting  in  SiOxNy 
which,  however,  can  be  an  effective  cap  for  inducing  Ga  out-diffusion  [6].  A  surface  passivation 
technique  using  a  hydrogen  plasma  has  recently  been  demonstrated  [7]  as  an  effective  mask  for 
QW  intermixing  suppression  in  undoped  structures.  The  main  limitation  of  this  technique  is  that 
it  is  only  effective  at  relatively  low  temperatures  (900  °C),  and  the  possibility  of  transferring  it  to 
the  more  common  p-i-n  doped  laser  structures  used  in  optoelectronics  is  still  under  investigation. 

Recently,  Rao  et  al.  [8]  reported  the  use  of  Si02  doped  with  phosphorus  (Si02;P)  as  a 
'universal'  intermixing  source  for  III-V  compounds.  Si02:P  with  only  1%  by  weight  of  P  [9]  was 
used  to  induce  intermixing  in  nominally  undoped  GaAs/AlGaAs  shallow  multiple  QW  structures 
by  furnace  annealing  at  a  temperature  of  850  °C  and  no  masking  dielectric  cap  was  used  to 
prevent  intermixing  or  for  surface  protection  during  annealing. 

As  the  amount  of  P  incorporated  into  Si02  increases,  the  thermal  expansion  coefficient 
increases  [10]  and  a  decrease  in  the  glass  softening  temperature  [11]  takes  place.  Moreover  the 
built-in  stress  of  PECVD  Si02:P  films  is  reduced  as  the  P  doping  concentration  increases  and  the 
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films  become  more  dense  and  void-free  compared  with  undoped  Si02  [10].  Thus,  by  choosing 
an  increasing  amount  of  P  doping,  Si02:P  films  can  be  tailored  to  be  less  permeable  to  Ga  atoms. 
In  this  paper,  we  demonstrate  that  Si02  doped  with  5%  wt  P  can  be  used  effectively  to  suppress 
the  out-diffusion  of  Ga,  and  hence  can  selectively  mask  intermixing,  in  p-i-n  and  n-i-p 
GaAs/AlGaAs  double  QW  laser  structures.  Encapsulants  with  a  higher  P  content  were  not 
considered  due  to  their  increasingly  hygroscopic  nature  [10],  affecting  the  IFVD  process 
reliability.  Large  differential  shifts  l^tween  regions  masked  with  Si02  and  Si02:P  have  been 
observed  with  excellent  surface  morphology  and  a  high  degree  of  reproducibility.  Results  from 
CW  operated  extended  cavity  ridge  lasers  are  presented  and  the  influence  of  the  losses  in  the 
passive  sections  on  threshold  current  and  slope  efficiency  is  addressed.  TE  losses  in  the 
transparent  integrated  waveguides  at  the  lasing  wavelength  are  as  low  as  3.2  cm-J  for  a 
differential  shift  of  30  nm  obtained  by  IFVD. 


EXPERIMENT 

Two  wafers  having  a  similar,  separate-confinement  heterostnicture  configuration  were  grown 
by  molecular  beam  epitaxy  in  the  form  of  p-i-n  and  n-i-p  double  QW  laser  structures.  The  p-i-n 
wafer  consisted  of  a  0.5  pm  GaAs  buffer  layer  grown  on  a  Si  doped  n-typc  GaAs  substrate.  The 
double  QW  region  was  undoped  and  consisted  of  two  10  nm  wide  GaAs  quantum  wells, 
separated  by  a  10  nm  Alo.2Gao.8As  barrier.  The  top  and  bottom  Alo.2Gao.8As  barriers  were 
0.1  pm  thick.  Both  the  upper  and  lower  cladding  Alo.4Gao.6As  layers  were  1.5  pm  thick  and 
doped  at  a  concentration  of  5  x  1017  cm-3  using  Be  and  Si  respectively.  The  top  contact  layer 
consisted  of  0.1  pm  of  GaAs  doped  with  5  x  1018  cm-3  of  Be.  The  structure  of  the  n-i-p  wafer 
was  similar  to  that  of  the  p-i-n,  apart  from  the  fact  that  a  semi-insulating  GaAs  substrate  was 
used  and  the  growth  sequence  was  inverted. 

Dielectric  films  of  Si02:P  and  Si02,  about  200  nm  thick,  were  deposited  at  a  temperature  of 
330  ’C  using  a  conventional  PECVD  apparatus  equipped  with  a  separate  PH3  flow  line  for  P 
doping.  The  P  content  was  measured  by  energy  dispersive  X-ray  (EDX)  spectroscopy,  giving  an 
estimated  value  of  5%  by  weight,  with  a  1 :2  atomic  concentration  ratio  between  Si  and  O.  After 
deposition  of  the  oxides,  the  samples  were  cleaved  into  squares  of  area  2x2  mm2  and  rapid 
thermal  annealed  for  60  s  in  flowing  N2  at  temperatures  between  800®C  and  950®C.  Uncapped 
samples  were  annealed  at  the  same  time  to  study  the  thermal  stability  of  the  wafer.  Samples 
were  sandwiched  face-down  between  two  pieces  of  fresh  GaAs  to  provide  proximity  capping 
during  annealing.  The  77  K  photoluminescence  (PL)  spectrum  of  the  annealed  samples  was 
measured  to  assess  the  degree  of  intermixing. 


RESULTS 


The  blue  wavelength  shifts  in  the  77  K  PL  peak,  as  compared  with  the  as-grown  material, 
plotted  versus  the  anneal  temperature  for  the  p-i-n  and  n-i-p  structures  are  shown  in  Figures  1  (a) 
and  (b)  respectively.  It  can  seen  from  these  figures  that  Si02:P  acts  as  a  very  effective  mask 
for  preventing  Ga  out-diffusion,  limiting  the  bandgap  widening  to  no  more  than  5  nm  for  both 
n-i-p  and  p-i-n  samples  at  temperatures  up  to  950  *C.  Moreover,  no  surface  damage  was 
produced  by  this  dielectric  cap  under  the  annealing  conditions  studied  here.  In  contrast,  the  blue 
shifts  for  both  p-i-n  and  n-i-p  samples  capped  with  SiQz  increase  with  temperature  and  arc 
always  greater  than  those  for  uncapped  samples,  demonstrating  the  enhanced  disordering 
promoted  by  Si02  capping  as  compared  with  uncapped  samples. 

To  further  validate  our  experiments,  the  Si02:P  film  was  partially  removed  from  p-i-n  double 
QW  laser  samples,  cleaved  from  a  wafer  grown  by  metalorganic  chemical  vapor  deposition 
(MOeVD),  using  optical  lithography  and  wet  etching  in  buffered  HF  solution,  and  the  samples 
were  capped  with  200  nm  of  Si02  and  rapid  thermal  annealed  under  the  conditions  described 
above.  Figure  2  (a)  shows  the  PL  shift  versus  the  annealing  temperature  and  again  the  masking 
properties  of  the  Si02:P  film  are  quite  evident. 
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(a)  p-i-n  (b)  n-i-p 


Fig.  1.  Wavelength  shifts  of  the  77  K  PL  peak  for  Si02:P  capped  ( — □ —  ), 

Si02  capped  ( . O . )  and  uncapped  ( ----O-  - )  (a)  p-i-n  and  (b)  n-i-p  samples 

as  a  function  of  annealing  temperature  with  a  duration  of  60  s. 

It  can  be  witnessed  here  that  differential  bandgap  shifts  larger  than  40  nm  can  be  obtained  easily 
in  samples  partially  masked  with  Si02:P  and  capped  with  Si02,  with  excellent  surface 
morphology,  in  particular  at  the  edge  interface  between  Si02:P  and  Si02.  To  demonstrate  the 
use  of  this  new  masking  technique  for  fabrication  of  integrated  devices,  extended  cavity  ridge 
(3  p,m  wide,  0.7  \im  deep)  lasers  were  fabricated  on  p-i-n  MOCVD  samples  with  a  differential 
shift  of  30  nm  after  RTA  at  940  ”C  for  60  s  (Fig.  2  (b)). 

Light/current  curves  and  related  spectra,  in  CW  operation  at  T=20  °C,  for  a  solitary  400  jim 
long  laser  and  for  an  integrated  device  with  400  iim/2.73  mm  long  active/passive  sections, 
reflecting  the  typical  behaviour  of  the  fabricated  devices,  are  shown  in  Fig.  3.  The  extended 
cavity  lasers  showed  equal  power  output  levels  from  both  active  and  passive  ends,  with  emission 
wavelengths  between  853  and  855  nm.  As  shown  in  Fig.  3,  due  to  the  losses  introduced  by  the 
integrated  waveguide,  the  threshold  current  increases  by  14%,  from  7  mA  for  the  solitary  laser  to 
8  mA  for  the  extended  cavity  laser,  and  the  slope  efficiency  decreases  by  40%,  from  0.32  W/A 
per  facet  to  0.19  W/A  per  facet.  We  directly  measured  the  losses  in  the  passive  waveguides 
cleaved  from  the  same  sample,  as  a  function  of  the  wavelength  and  for  TE  polarization,  using  the 
Fabry-Perot  resonance  method  [11]  and  the  results  are  shown  in  Fig.  4.  The  losses  exhibit  a 
broad  minimum  of  about  3  cm-1  around  the  lasing  wavelength  of  855  nm,  increasing  for  both 
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Fig.  2.  (a)  PL  wavelength  shift  versus  temperature  of  rapid  thermal  annealing  for  60  s  in  p-i-n 
MOCVD  samples  containing  both  masked  and  intermixed  regions  and  (b)  PL  spectra  for 
sample  used  for  extended  cavity  laser  fabrication  (RTA  @  940  “C  for  60  s). 
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longer  and  shorter  wavelengths  due  to  free  carrier  absorption  in  the  doped  cladding  layers  and 
resonant  absorption  in  the  partially  intermixed  QW,  respectively. 

Assuming  a  logarithmic  dependence  of  the  gain  on  the  current  density  [13],  from  the  balance 
between  gain  and  losses  at  threshold  the  following  formulae  are  obtained: 
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where  Oa,  Lq  and  ap,  Lp  are  the  losses  and  length,  respectively,  of  the  active  and  passive  section, 
r  is  the  optical  overlap  factor  and  go  the  gain  constant  fwr  well,  and  n  the  number  of  wells.  In 
deriving  (1)  and  (2),  coupling  losses  between  the  active  and  passive  waveguide  have  been 
assumed  to  be  zero  because  no  mode  mismatch  due  to  refractive  index  change  is  introduced  by 

the  IFVD  process.  From  (2),  assuming  a  modal  reflectivity  R  of  0.32,  we  calculate  the  losses  Oa 
in  the  active  section  to  be  3.4  cm-*,  in  good  agreement  with  the  value  of  3  cm-*  obtained  from 
broad  area  lasers  fabricated  in  the  as-grown  material.  The  mirror  losses  are  28.5  cm-*  and  the 
losses  0Ca(Ln/La)  introduced  by  the  integrated  waveguide  amount  to  22  cm-*  due  to  the  high  ratio 
Lp/La  of  This  explains  the  40%  decrease  in  slope  efficiency.  Due  to  the  high  quality 
material  and  the  logarithmic  gain  current  density  relation  in  quantum  wells,  leading  to  higher 
differential  optical  gain  as  compared  with  bulk  material,  the  threshold  gain  in  the  extended  cavity 
lasers  is  attained  with  only  a  14%  increase  in  threshold  current. 


Fig.  3.  Light-current  curves  and  spectra  of  (a)  normal  and  (b)  extended  cavity  ridge  lasers. 
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Fig.  4.  TE  polarization  losses  versus  wavelength  in  the  integrated  ridge  waveguides. 


CONCLUSIONS 

There  are  at  least  two  possible  explanations  for  the  masking  properties  of  Si02:P  films  with 
high  P  content.  Beside  the  fact  that  PECVD  Si02:P  films  are  more  dense  and  void-free  than 
Si02  [10]  and,  as  such,  they  have  a  better  masking  behaviour  against  Ga  out-diffusion  [14], 
strain  at  the  interface  between  GaAs  and  dielectric  films  used  as  capping  material  can  also  play 
an  important  role  during  the  IFVD  process.  The  thermal  expansion  coefficient  of  GaAs  is  about 
ten  times  larger  than  Si02  and,  as  a  consequence,  the  Si02  film  is  under  tensile  strain  and  the 
GaAs  surface  layer  is  under  compressive  strain.  Under  these  conditions,  because  of  the  high 
diffusion  coefficient  of  Ga  in  Si02,  the  out-diffusion  of  Ga  atoms  into  the  Si02  film  is  an 
energetically  favourable  process  because  it  minimises  the  strain  in  the  system.  The  addition  of  P 
into  the  Si02  film  leads  to  an  increase  in  the  thermal  expansion  coefficient  [10]  and  a  decrease  in 
the  glass  softening  temperature  [11].  Therefore,  less  compressive  strain  will  be  induced  during 
the  annealing  step  in  the  GaAs  surface  layer  and,  as  a  result,  the  number  of  Ga  vacancies  will  be 
reduced  due  to  reduced  Ga  out-diffusion. 

It  can  be  seen  from  Fig  1  (a)  and  (b)  that  p-i-n  and  n4-p  wafers  have  similar  degrees  of 
intrinsic  thermal  stability  since  the  uncapped  samples  from  these  wafers  shifted  to  about  the  same 
wavelength  under  similar  annealing  conditions.  Comparing  Fig  1  (a)  and  (b)  shows  that  Si02 
capped  n-i-p  samples  exhibited  larger  degrees  of  QW  intermixing  than  the  p-i-n  sarnples.  This 
result  may  be  due  to  the  rise  in  energy  of  the  crystal  Fermi  level  [15]  in  n-type  material,  leading 
to  a  reduction  in  the  formation  energy  of  group  III  vacancies  and,  hence,  to  a  larger  equilibrium 
Ga  vacancy  concentration  in  n-type  material  than  in  p-type  material  From  the  point  of  view  of 
photonic  devices  integration,  the  above  results  suggest  that  the  growth  of  n-i-p  structures  would 
give  a  higher  degree  of  intermixing  than  the  conventional  p-i-n  structures  typically  used  in  QW 
intermixing  processes. 

The  losses  achieved  in  the  integrated  passive  waveguides  at  the  lasing  wavelength  are  about 
the  same  as  those  in  the  active  sections,  indicating  little  band-edge  absorption  in  the  partially 
intermixed  QW,  which  basically  exhibits  a  transparency  behaviour,  but  with  no  current  injection. 
Transparency  could  be  also  achieved  by  current  injection  in  a  non-intermixed  QW  but  this,  for 
long  integrated  devices,  requires  a  second  contact,  electrically  insulated  from  the  active  region, 
and  the  subsequent  increase  in  the  total  injected  current  is  not  always  compatible  with  CW 
operation.  Losses  in  the  integrated  waveguides  are  limited  mainly  by  p-type  free  carrier 
absorption,  with  a  possible  contribution  from  acceptor-like  Ga  vacancies  [16]  that  have  diffused 
into  the  active  region.  A  simple  way  to  reduce  the  losses  would  be  by  tailoring  the  doping 
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profiles  together  with  the  structural  parameters  of  the  laser  structure  [17].  Although  no 
systematic  lifetime  measurements  were  performed,  we  could  not  see  any  degradation  of  laser 
performance  during  the  measurements,  an  indication  that  the  optical  and  electronic  properties  of 
the  laser  material  are  still  of  sufficiently  high  quality  after  the  selective  IFVD  process.  This 
technique  is  being  currently  used  for  the  fabrication  of  a  range  of  integrated  devices  including 
mode-locked  laser  diodes  and  optical  space  switches  comprising  passive  3  dB  couplers  and  laser 
diode  amplifiers  operating  as  optical  gates. 
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ABSTRACT 

Interband  U'ansitions  of  a  series  of  as-grown  AlGaAs/GaAs  quantum  well  structures  grown 
by  MOVPE  have  been  studied  using  photoreflectance  to  determine  their  well  shape.  The 
transition  energies  calculated  using  three  different  quantum  well  profiles  ai'e  compared  to  those 
obtained  using  photoreflectance.  The  results  show  that  the  shape  of  these  structures  is  best 
represented  by  an  exponential  potential  profile. 

INTRODUCTION 

The  ability  to  determine  the  compositional/confinement  profile  of  quantum  well  (QW) 
sU-uctures  is  important  since  it  is  this  profile  that  detemiines  their  optical  properties.  In  general, 
QWs  structures  are  ideally  grown  to  give  rectangular  profiles,  where  the  composition  changes 
abruptly  at  the  well/bairier  interfaces,  which  is  known  to  occur  in  practical  QW  structures. 

In  this  paper,  the  effects  of  compositional  grading  on  a  series  of  MOVPE  grown 
AlGaAs/GaAs  QW  structures  is  investigated  using  photoreflectance  (PR).  Photoreflectance  is 
used  here  since  this  technique  can  determine  all  the  interband  transition  energies  in  QW 
structures  which  are  determined  by  the  QW  confinement  profile.  A  previous  report  of  these 
stmctures  based  on  a  rectangular  shape  profile  model,  showed  that  the  higher  order  ti'ansitions 
coiTesponded  to  wider  as-grown  well  widths  than  those  determined  by  the  ground-states  [1].  This 
suggested  that  the  change  in  the  A1  composition  at  the  interfaces  of  these  QWs  was  not  abrupt 
but  somehow  graded.  To  investigate  these  results  further,  ti'apezoidal  and  exponential 
compositional/confinement  grading  profiles  were  studied  here.  The  first  was  a  linearly  graded 
trapezoidal  profiles  at  both  interfaces  while  the  second  had  exponentially  graded  profiles  at  both 
interfaces,  both  being  symmetric  about  the  well  center. 

EXPERIMENT 

The  samples  studied  here  form  part  of  a  continuing  investigation  into  their  properties  [1]. 
They  were  grown  by  MOVPE  at  Sheffield  University  and  consist  of  four  single  QWs,  clad  by 
1000  A  Alj^Gaj.xAs/GaAs  barrier  layers.  Two  samples  have  bairier  compositions  (x)  of  0.2  and 
the  other  two  other  have  x  =  0.3.  Each  pair  of  samples  have  nominal  GaAs  well  thicknesses  (L^) 
of  50  A  and  100  A.  For  reference,  these  structures  ai*e  refeired  to  by  the  notation  (xA.^)’ 
i.e.  0.3/50,  0.3/100,  0.2/50  0.2/100. 

The  PR  system  used  here  is  the  standard  airangement  and  is  described  elsewhere  [2].  The 
PR  spectrum  of  each  sample  was  measured  at  300  K  and  is  shown  in  Figure  1.  The  transition 
energies  were  deteimined  using  a  lineshape  fitting  model  based  on  Aspnes  third  derivative 
functional  forms  (TDFF)  [3].  The  model  also  incorporated  an  oscillatory  teim  which  was 
characteristic  of  Franz-Keldysh  oscillations  (FKO)  [4]  associated  with  an  inherent  built-in  elecuic 
field  in  all  of  these  samples  [2]. 
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Figure  1.  The  PR  fit  to  and  spectrum  of  structure  0.3/100  showing  profiles  (rf  the  FKO  and  TDFF  components 
and  of  structures  0.3/50,  0.2/50  and  0.2/100.  The  baselines  have  been  shifted  vertically  from  each  other  for  clarity. 

The  energy  positions  of  the  TDFF  components  are  shown  by  vertical  lines,  the  length  of  which  represents  the 
intensity  of  the  TDFF.  The  horizontal  lines  represent  the  half-width-half  maxima  of  the  TDFFs. 

MODEL 

The  theoretical  model  developed  by  Li  et  al  [5]  was  used  to  identify  the  QW  transitions 
which  were  determined  from  the  fitting  analysis  of  the  PR  spectra.  A  summary  of  these  revised 
results  is  presented  in  Figure  1  where  transitions  from  electron  (m)  to  heavy-  and  light-hole  (n) 
are  referred  to  here  by  the  notation  and  L^„  respectively. 

The  material  parameters,  including  band  offset,  carrier  effective  masses,  bandgap  and 
binding  energies  are  similar  to  those  used  previously  [1]  except  for  heavy  hole  effective  mass 
(m^)  which  is  given  by  [6]: 


m^j^(x)  =  (0.50  +  0.2x)m^  (1) 

In  addition,  the  bandgap  energy  in  eV)  for  Al^Gaj.^As  is  given  by  I?]: 

Eg(x)  =  1.424  +  1.594  +  x(l-x)(0.127-1.31x)  (2) 

The  trapezoidal  profile  and  exponential  profile  are  symmetric.  Consequently,  the  profiles 
of  these  structures  with  a  center  point  at  z  =  0  are  defined  as  follows. 


426 


Trapezoidal  profile: 


x  =  0,  0^z<  (3a) 

X  =  x„(z  -  L,'”"°'"/2)/(L  “i’/2-  L,'”"°"'/2),  <  z  <  |>/L,">P|  (3b) 

x  =  x„,  z>|'^L“P|  (3c) 

Exponential  profile: 


x  =  x„  exp[-p/(z-  -  (L,'“'“'"/2)^],  Izl  >  0  (4) 

where  ^  is  the  curvature  parameter,  L^*x)iiom  ^top  widths  of  the  bottom  and  top  of  the 

well  respectively,  z  and  are  the  growth  direction  and  the  A1  concentration  in  the  banier  layers. 
In  the  trapezoidal  well,  the  potential  is  graded  linearly  at  the  well/barrier  interface  between 
l^^bottom  energy  states  for  this  profile  is  dependent  upon  the  gradient  of  the 

interface  which  is  a  function  of  the  difference  between  and  The  exponential  profile 

is  defined  by  the  cui-vature  parameter  p,  so  that  a  lai'ge  value  of  p  conesponds  to  a  steep 
exponential  profile. 

RESULTS  AND  DISCUSSION 

Our  previous  investigation  of  these  structures  showed  that  the  fit  between  the  experimental 
and  model  transition  energies  implied  that  the  value  of  detenuined  from  the  higher  order 
transitions  was  greater  than  the  value  of  determined  for  the  ground-states  by  ~10  A.  In  this 
paper,  the  values  of  have  been  determined  as  a  function  of  ti'ansition  energy  for  structure 
0.3/100,  see  Figure  2.  From  the  graph,  it  is  seen  that  the  calculated  transition  energies  agree  with 
the  experimental  results  for  values  of  L^,  which  show  increases  as  the  order  of  the  ti’ansition 
increases.  The  trapezoidal  and  exponential  QW  profiles  were  therefore  studied  to  achieve  an 
improved  fit  between  the  experimental  and  modelling  results.  Both  of  these  profiles  produce 
graded  interfaces,  where  the  A1  composition  (x)  varies  along  the  z  direction. 

To  demonstrate  the  effects  of  these  different  potential  profiles,  the  deviation  between  the 
experimental  and  theoretical  tiansition  energies  for  these  structures  aie  shown  in  Table  1,  for  the 
rectangular,  trapezoidal  and  exponential  profiles;  where  =  100  A  (wider  wells)  and 

^bottom  _  45  ^  (naiTOw  wells)  using  a  band  offset  of  65:35. 

In  each  case  the  values  of  and  the  profile  parameters  were  optimized  for  the  best  fit 
between  the  calculated  and  measured  transition  energies.  For  all  sti’uctures,  the  difference 
between  the  measured  and  calculated  transition  energies  for  the  rectangular  profiles  are  large, 
especially  for  the  higher  order  transitions.  In  the  case  of  structure  0.3/100,  this  deviation  is 
reduced  to  an  acceptable  level  (+2  meV)  for  the  ground  state  ti’ansitions  of  the  ti’apezoidal  profile, 
where  =  124  A.  However,  for  the  higher  order  transitions  the  deviation  is  still  large  and 
positive.  This  suggests  that  the  gradient  of  the  interface  should  be  decreased,  (i.e.  an  increased 
However,  we  found  that  increasing  resulted  in  an  unacceptable  difference  in  the 
ground  state  transitions.  In  contrast,  the  exponential  profile  with  P  =  3.5  shows  that  the  deviation 
is  further  reduced  for  the  higher  order  ti’ansitions.  This  is  explained  by  the  fact  that  this  profile 
produces  a  larger  effective  well  width  in  tlie  upper  half  of  the  well  thus  enabling  the  energy 
states,  and  therefore  the  deviation,  to  be  reduced.  This  effect  is  shown  in  Figure  3,  where  the 
conduction  and  valence  band  confinement  energy  profiles  as  a  function  of  are  plotted.  The 
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energy  decrease  of  the  electron  (m  =  3)  state  is  the  largest  for  the  exponential  profile  in 
comparison  to  the  trapezoidal  profile.  This  decrease  is  not  as  pronounced  for  the  heavy-  and 
light-hole  states  which  suggests  that  any  variation  in  the  transition  energy  is  dominated  by 
changes  in  the  conduction  band. 
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Figure  2.  Comparisons  between  the  calculated  transition  energies  (dashed  line)  of  the  rectangular  QW 
for  different  well  widths  and  that  of  the  experimental  transition  energies  (solid  line)  for  structure  0.3/l(X). 
The  dotted  line  shows  the  trend  of  the  intersection  between  the  experimental  and  modelled  transition  energies. 


Figure  3.  The  potential  profile  and  confined  energy  states  of  calculated  rectangular  (solid  line),  trapezoidal 
(dashed  line)  and  exponential  (dot-dashed)  QWs  of  structures  0.3/l(X)  for  (a)  conduction  band. 

(b)  valence  band  -  heavy-hole,  (c)  valence  band  -  light-hole. 
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The  same  behavior  is  found  in  the  other  three  structures,  see  Table  1.  For  structure 
0.2/100,  a  good  match  is  obtained  using  the  exponential  profile  for  P  =  5.  For  the  narrow  well 
stmctures  the  average  differences  are  larger  but  ai*e  considered  acceptable  since  the  QW  subband 
energies  are  more  sensitive  to  material  pai'ameters,  particularly  L^.  The  values  of  p  used  here 
are  0.9  and  1.2  for  0.3/50  and  0.2/50  respectively.  The  values  of  P  are  smaller  for  the  narrower 
well  structures  because  the  energy  states  are  more  sensitive  to  the  confinement  profile.  However, 
the  difference  in  P  between  the  naiTOw  and  wider  well  structures  is  insignificant  in  the  model. 
This  suggests  that  the  growth  profile,  which  we  consider  to  be  exponential,  is  consistent  from  one 
structure  to  another. 

The  effect  of  changing  the  band  offset  ratio  to  70:30  was  also  considered.  In  general,  it 
resulted  in  an  increase  in  the  average  deviation  for  the  higher  order  transitions,  particularly  for 
the  nan'ow  well  structures.  However,  these  results  do  not  provide  any  conclusive  evidence  for 
the  value  of  Q^. 

In  both  naiTow  well  structures  a  number  of  PR  features  were  observed  which  were 
identified  as  "forbidden"  transitions  in  the  QW  [1].  The  presence  of  these  features  is  attributed 
to  the  non-rectangular  profile  of  these  QW  structures  since  it  is  known  that  the  selection  rules 
ai'e  relaxed  for  non-rectangulai'  profiles.  The  deviation  of  these  "forbidden"  ti'ansitions  is  also 
larger  than  those  of  the  allowed  ti'ansitions,  see  Table  1. 

Table  1.  List  of  the  difference  between  the  experimental  and  the  theoretical  transition 
energies  for  the  rectangular  QW  (RQW),  trapezoidal  (TRAP)  and  the  exponential  (EXP). 


Sample 

Difference  of  Transition  (meV) 

0.3/100 

Hn 

^11 

H22 

L22 

H3, 

H33 

- 

+27 

+42 

+31 

Bl 

- 

B 

■ 

+9 

+  15 

+2 

B 

- 

EXP,  L,  =  100  A,  P  =  3.5 

-2 

-2 

+7 

+12 

+3 

0 

- 

0.2/100 

Hu 

BB 

^22 

1-31 

H33 

RQW,  =  100  A 

+6 

+38 

- 

BBf 

- 

EXP,  L,  =  100  A,  p  =  5 

-1 

B 

B 

B 

BS 

BH 

+5 

0.3/50 

Hn 

BIB 

- 

+10 

-16 

-15 

+22 

- 

Hi 

B 

-26 

-9 

+8 

- 

0.2/50 

Hn 

H22 

- 

RQW,  =  45  A 

+6 

+  12 

- 

- 

- 

- 

- 

EXP,  L,  =  45  A.  p  =  1.2 

-1 

+3 

-1 

+18 

-6 

-3 

- 
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CONCLUSION 

In  this  paper  the  effects  of  graded  interfaces  in  four  as-grown  AlGaAs/GaAs  QW  structures 
has  been  investigated.  Using  both  a  trapezoidal  and  exponential  potential  profiles,  a  good  fit  has 
been  obtained  between  the  experimental  and  calculated  u-ansition  energies.  These  results  show 
that  the  QW  is  best  represented  by  an  exponential  profile  rather  than  by  the  more  traditionally 
accepted  rectangular  profile.  The  results  also  demonstrate  that  PR  is  a  useful  characterization 
method  for  the  determination  of  the  QW  shape  as  it  enables  all  of  the  allowed  interband 
transitions  in  a  given  QW  structure  to  be  obtained. 
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ABSTRACT 

Due  to  the  world  wide  demand  for  IR  emitting  devices  like  IR-LED,  printhead  for  laser 
printers,  readout  of  optical  storage  devices,  serial  and  parallel  fibber/guided  wave  optical  links 
and  free  space  optical  interconnects  for  remote  controllers  there  is  a  great  interest  in  multiwafer 
technology.  In  this  paper  we  present  growth  results  with  respect  to  IR  applications  with  the 
Planetary  Reactor®  system  using  AlGaAs/GaAs  and  longer  wavelength  material.  For  the  mass 
production  of  LEDs  the  Planetary  Reactor®  system  fulfills  not  only  to  grow  high  quality  films 
with  excellent  uniformities,  which  results  on  high  yield  on  wafer,  but  also  to  grow  with  high 
precursor  utilization  efficiency  and  wafer  throughput.  This  is  proven  for  thick  layers  by  an 
excellent  growth  stability  and  a  thickness  uniformity  better  than  ±2%.  These  high  uniformities 
are  achieved  at  conditions  of  growth  efficiency  in  the  range  of  30-50%  for  group  III  materials 
and  a  comparatively  low  V-III  ratio.  To  increase  the  intensity  of  LEDs  GaAs/AlAs  Bragg 
reflectors  were  grown.  Reflectivity  characteristics  measurement  and  high  resolution  X-ray 
diffractometer  measurements  confirmed  the  thickness  uniformity  in  the  order  of  ±1%  on  4" 
wafers.  The  excellent  thickness  uniformity  is  also  achieved  on  a  9x6“  configuration.  For  the  first 
time  in  this  study  also  the  7  x  2"  performance  of  InP  based  materials  is  reported. 

INTRODUCTION 

Beside  other  applications  for  IR  emitting  devices  mainly  data  links  will  be  the  next  big 
growth  area.  For  this  purpose  the  IR-LED  is  the  most  important  compound  semiconductor 
device.  Today  its  most  important  applications  are  in  products  such  as  TV  remote  controls.  But  in 
near  future  the  important  application  is  computers  and  office  equipment  [1].  In  order  to  realize 
very  fast  data  transfers  (10  Mb/s  transfer  rates)  the  LED  will  be  replaced  by  a  IR  vertical  surface 
emitting  laser  (VCSEL)  because  VCSEL  offer  the  coherent  output  and  high  modulation  rates  of  a 
laser,  features  which  are  necessary  to  achieve  high  data  rates. 

For  such  kind  of  devices  the  epitaxial  growth  of  high  quality  films  with  excellent 
uniformities  is  necessary.  To  meet  the  requirement  of  mass  production  a  high  yield,  the  growth 
with  high  precursor  utilization  efficiency  and  high  wafer  throughput  is  also  required.  As  a  mass 
production  technology  the  MOVPE  fulfills  these  requirements.  In  this  paper  the  concept  of  the 
Multiwafer  Planetary  Reactor®  will  be  described.  To  prove  that  this  reactor  is  an  excellent  tool 
for  the  growth  of  epitaxial  layers  for  IR-applications  new  growth  results  will  be  demonstrated  . 
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THE  REACTOR  SYSTEM 


The  requirements  on  the  reactor  technique  for  production  include  the  capability  of 
producing  material  with  highly  uniform  distributions  of  properties  as  well  as  the  cost  efficient 
handling  of  large  volume  growth.  The  basis  for  scaleable  processes  is  the  availability  of 
reproducible  results  and  profoimd  theoretical  knowledge  about  all  growth  parameter  influences. 
Such  an  approach  to  multiwafer  reactor  techniques  has  been  first  described  in  the  Planetary 
Reactor  concept.  The  Multiwafer  Planetary  Reactor*  developed  by  P.  M.  Frijlink  is  based  on  the 
Gas  Foil  Rotation*  Technique  [2].  A  graphite  susceptor  plate  supporting  the  wafers  is  levitating 
on  a  layer  of  Hj.  The  same  gas  flow  is  also  causing  the  rotation  of  the  wafer  support  by  means  of 
shear  forces.  Each  individual  wafer  is  rotating  by  the  same  technique,  thus  causing  planetary 
motion.  The  speed  of  rotation  is  directly  control!^  by  computerized  mass  flow  controllers.  The 
2",  3",  4"  or  6*'capability  of  the  reactors  is  only  defined  by  the  geometry  of  the  graphite  discs 
and  thus  can  be  changed  in  a  simple  procedure  between  the  runs. 


Exhouaf-m — 


Corritr  CafAlkylts  Hixturt 


Exhouat 


Fig.l:  Schematic  of  Planetary  Reactor* 

In  this  horizontal  reactor,  the  wafers  are  aranged  on  a  circular  susceptor  which  rotates 
around  its  central  axis,  through  which  the  gas  flow  of  group  m  organometallics  with  the  dopants 
and  a  hydrogen  carrier  flow  with  the  group  V  hydrides  is  provided.  Because  of  the  rotation  of  the 
susceptor  platform  as  a  whole  as  well  as  of  each  individual  wafer,  one  gains  the  high 
compositional  and  thickness  uniformity.  A  schematic  of  the  reactor  cell  is  given  in  Fig.  1.  The 
cross  section  shows  the  main  graphite  susceptor,  the  satellite  discs,  the  IR  lamp  reflector 
underneath,  the  double  0-ring  leak  integrity  monitoring  system,  and  water  cooling  of  flie  entirely 
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metal  contained  reactor.  This  reactor  type  is  also  available  with  RF-heating  and  an  automated 
cassette  to  cassette  wafer  handling  system. 

The  growth  uniformity  of  such  a  reactor  simulated  and  verified  in  a  binary  material 
system  is  shown  in  Fig.  2.  A  modeling  of  GaAs  growth  rate  distribution  over  the  susceptor  radius 
in  an  AIX2000  Planetary  Reactor®  cell,  capable  for  up  to  7x2"  or  5x3"  wafers.  Parameter  of  the 
scale  of  curves  is  the  total  gas  flow  at  a  constant  initial  concentration  of  TMGa.  Marked  in  the 
radius  axis  is  the  area  in  which  the  rotating  substrates  are  placed.  The  growth  efficiency  is 
represented  by  integration  of  the  growth  rate  over  the  radius.  So  in  the  case  of  the  growth  rate 
coming  to  zero  within  the  reactor  radius,  the  efficiency  is  at  its  maximum.  For  obtaining  a 
uniform  thickness  distribution,  the  rotation  of  the  single  wafers  is  used  to  equilibrate  the  growth 
rate  decrease  shown  in  this  static  case.  Thus,  a  certain  shape  of  the  depletion  curve  over  the 
radius  must  be  adjusted  by  choosing  the  proper  flow  pattern.  The  growth  efficiency  of  this 
reactor  is  approximately  35%  to  45%  at  its  optimum  load.  Increasing  the  wafer  capacity  of  the 
reactor  by  enlargement  of  the  susceptor  radius  and  reactor  cell  the  growth  efficiency  is  increased. 
The  largest  MOVPE  reactor  AIX  3000  shows  a  growth  efficiency  of  more  than  50%  for  the 
TMGa  consumption  at  the  growth  of  GaAs. 


growth  rate  [X/s] 


relative  thickness  [1  %] 


Fig.  2:3"  applications:  (left)  growth  rate  profiles  of  the  deposit  for  various  sets  of  carrier  flow, 
(right)  normalized  thickness  profiles  on  rotating  wafer  for  various  sets  of  carrier  flow 


MATERIAL  QUALITY 


GaAs/AlAs  Bragg  reflectors 

In  order  to  improve  the  output  power  of  IR-LED  the  growth  of  GaAs/AlAs  Bragg 
reflector  as  a  mirror  was  investigated.  Fiuiherone  such  Bragg  reflectors  are  used  as  DFB  mirrors 
in  VCSELs  which  become  important  for  IR  data  links.  These  kind  of  structures  are  very  sensitive 
against  thickness  uniformity  and  can  be  used  to  prove  the  growth  uniformity  of  the  reactor. 
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Fig.  3:4-Crystal  HRXRD  Measurement  of  GaAs  /AlAs  Bragg  Reflector  Structure.  Insert: 
Thickness  uniformity  ±1  %  across  4"  Wafer  Diameter. 


Fig.  3  shows  a  typical  spectrum  of  a  4-Crystal  HRXRD  measurement  of  a  10  period 
alternating  structure  of  33nm  GaAs/41nm  AIAs.  The  appearance  of  multiple  satellite  peaks 
demonstrates  the  high  quality  of  the  superlattices.  The  evaluation  of  PendellOsung-fringes 
measured  over  the  area  of  a  4"  wafer  revealed  a  uniformity  of  1-  1.5%  on  the  4"  wafers.  This  is 
also  proven  by  an  automatic  mapping  reflectometer.  This  excellent  value  is  achieved  on  5  x  4" 
inch  wafer  in  one  run  in  a  AIX  2400. 


For  the  last  ten  years  there  is  a  steady  increase  from  2"  to  6"technology  for  the  GaAs 
material  technology.  Although  the  growth  on  6"  wafers  is  not  so  attractive  for  mass  production  of 
IR  light  emitting  devices  the  growth  of  GaAs,  GaAlAs  and  GalnP  was  carried  out  on  6"  GaAs 
substrates.  However,  the  grov/th  on  large  substrates  demonstrates  the  potential  of  the  Planetary 
Reactor®  and  today  at  least  three  substrate  manufacturers  offer  6"  GaAs  wafers.  The  thickness 
uniformity  achieved  in  a  9  x  6"  Multiwafer  Planetary  Reactor  across  a  full  6"  GaAs  substrate 
area  is  better  than  ±2%. 
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Fig.  4  Deviation  of  thickness  versus  6"  wafer 


TnP  based  material 

Growth  experiments  of  InP  based  material  were  carried  out  on  an  AIX  2400  reactor  with 
a  reactor  configuration  of  9  x  2".  On  a  Si  doped  InP  layer  and  a  quaternary  InGaAsP  layer  the 
thickness  uniformity  was  observed.  The  film  thickness  was  measured  using  the  scaiming 
reflectance  technique.  The  layers  were  too  uniform  and  the  thickness  variations  were  tow  low  to 
be  detected  and  translated  into  a  map  by  this  technique.  However,  single  point  measurements  in 
the  center  and  approximately  at  20  mm  radius  were  carried  out  and  the  maximum  deviation  for 
all  7  X  2"  wafers  was  0.087  pm  for  a  1 .9  pm  thick  Si-doped  InP  layer  and  0.069  pm  for  a  1.5  pm 
GalnAsP  layer.  The  variation  from  wafer  to  wafer  is  2.2  %  for  the  data  measured  in  the  center 
indicating  that  all  wafers  are  exposed  to  an  identical  gas  phase  composition. 

To  determine  the  inhomogeneities  in  doping  concentration  the  sheet  resistivity  of  the 
structures  was  measured.  Although  the  measured  value  is  a  convolution  of  thickness  and  carrier 
concentration,  the  trends  are  easy  to  detect.  N  -type  (Si)  and  p-type  (Zn)  InP  was  grown.  The 
variation  from  wafer  to  wafer  is  only  3,5%  while  the  variation  from  wafer  to  wafer  is  5,5%.  The 
non-uniformity  in  the  Zn-doped  structures  is  much  less  than  that  was  found  in  the  Si-doped 
layers.  This  may  allow  the  conclusion  that  a  further  improvement  by  optimizing  the  growth 
parameters  is  possible.  Nevertheless  it  can  be  concluded  that  the  doping  homogeneity  is  rather 
uniform. 

In  order  to  investigate  the  composition  homogeneity  of  quaternary  layers  the  PL  emission 
wavelength  was  measured.  The  PL  results  of  the  undoped  quaternary  is  excellent.  The  standard 
deviation  across  each  wafer  is  less  than  2  nm  (Fig.  4).  The  difference  between  the  minimum  and 
maximum  of  the  wafer  average  of  one  growth  run  is  only  2.3  nm.  The  histograms  for  each  of  the 
wavelength  maps  reveal  a  total  wavelength  spread  of  only  8  nm. 
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Fig  5.  Room  temperature  PL  map  of  a  InGaAsP  layer 


SUMMARY  AND  CONCLUSION 

Due  to  the  world  wide  demand  of  IR  devices  we  have  investigated  the  growth  of  GaAs 
and  InP-based  material  with  a  multiwafer  reactor.  For  the  mass  production  the  Planetary  Reactor 
system  fulfills  not  only  to  grow  high  quality  films  with  excellent  uniformity,  which  results  on 
high  yield  on  wafer  but  also  to  grow  with  high  precursor  utilization  efficiency  and  wafer 
throughput.  The  excellent  thickness  uniformity  is  also  achieved  on  a  9  x  6"  configuration  and  is 
also  better  than  2%.  The  growth  of  InP  based  material  with  a  reactor  configuration  of  7  x  2"  was 
carried  out.  Excellent  homogeneities  in  thickness,  sheet  resistivity  and  PL  wavelength  were 
achieved.  All  these  results  prove  the  Planetary  Reactor  concept  as  an  efficient  tool  for  the 
production  of  layer  structures  for  IR  devices. 
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ABSTRACT 

We  propose  a  semiconductor  heterostructure  consisting  of  six  coupled  quantum 
wells  of  GaAs  plus  a  larger  one,  all  inside  Al(x)Ga(l-x)As,  x=0.35.  Our  simulation  prevents 
that  the  localized  electronic  eigen-state  at  the  large  well,  the  Tamm  state,  will  oscillate  when 
the  voltage  applied  across  these  ’’finite  superlattice”  varies  fast.  We  include  exchange  and 
correlation  effects  in  the  local  density  approximation  and  made  the  self-consistent  calcula¬ 
tions  to  the  electrons  at  77K  varying  the  voltage  in  a  gate  contact  of  the  device.  We  obtain 
the  effective  potential,  the  sub-bands  (mini-bands)  and  respective  electronic  densities  which 
enable  us  to  simulate  the  temporal  evolution  of  an  electronic  wave-packet  when  the  gate- 
voltage  is  switched  fast.  Such  a  switching  turns  the  Tamm  eigen-state  in  a  wave-packet. 
By  the  simulation  we  conclude  that  this  wave-packet  oscillates  a  Tera-Hertz  frequency  that 
can  emit  electromagnetic  radiation  as  a  charge  oscillator.  We  estimate  the  finite  superlat¬ 
tice  capacitance  and  it  confirms  the  possibility  of  changing  the  Hamiltonian  faster  than  the 
period  of  the  oscillation. 

INTRODUCTION 

Oscillations  and  Tamm  (localized)  states  [1,  2,  3,  4,  5]  in  semiconductor  superlat¬ 
tices  and  the  coherent  submillimeter-wave  emission  observed  from  charge  oscillations  in  a 
double-well  potential[6]  has  pointed  out  to  a  revolution  in  photodetectors,  optical  switchers 
and  infra-red  emitters.  The  infra-red  radiation  is  explained  as  a  simple  charge  oscillation [7] 
whose  frequency  is  related  to  the  electric  field  through  the  heterostructure.  Some  charac¬ 
teristics  of  the  system  with  two  wells  [6]  are  that  away  from  resonance  the  oscillating  signal 
becomes  quickly  weaker  and  the  optical  generation  require  large  and  expensive  femtosecond 
laser  system. 

Trying  to  avoid  such  inconveniences  we  simulate  a  new  heterostructure  reporting  a 
self-consistent  numerical  calculation  of  the  electronic  structure  in  a  finite  superlattice  (FSL) 
with  the  presence  of  a  Tamm  state  in  order  to  localize  the  electrons  initially.  As  far  as 
we  know  this  is  the  first  calculation  for  the  profile  of  an  infra-red  emitter  without  optical 
pumping  which  we  expected  to  be  an  alternative  for  the  femtosecond  laser  system  and,  as 
the  states  in  the  mini-band  are  more  delocalized  than  in  a  double- well,  we  believe  that  the 
oscillating  signal  becomes  stronger  even  a  little  more  far  from  resonance.  The  opto-electronic 
applications  are  obvious. 

In  our  proposal  the  oscillating  package  stays  initially  in  the  Tamm  well  and  will 
oscillate,  by  applying  a  sudden  voltage  Vg.  This  gate  voltage  makes  the  large  well  at  a 
higher  electron  potential  than  the  FSL.  At  the  first  alignment  of  the  Tamm  eigen-state  with 
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the  bottom  of  the  mini-band,  we  set  it  free  to  obey  the  Schrodinger  equation  (1)  where 
the  initial  condition  (function)  is  the  Tamm  state  at  Vg  -  O.OV.  We  observe  its  temporal 
evolution  in  this  new  Hamiltonian.  It  is  an  oscillation  in  the  Terahertz  domain  to  which  we 
can  associate  an  electromagnetic  emission.  A  schematic  view  of  the  FSL  is  shown  in  figure. 
1. 


Figure  1:  Sketch  of  the  finite  superlattice  heterostructure.  The  system  consists  of  6  periods  of 
GaAs  quantum  wells  (20A)  in  Alo.asGao.esAs,  barriers  of  20A,  plus  a  wide  well  of  GaAs  (30A)  -  a 
Tamm  well.  On  top  and  down  of  the  wells  the  donor  doping  layers  limits  are  shown  by  the  different 
shadow  layers  with  donor  densities  of  8.25xl0^^cm~^  (top-llOA)  and  7.5xl0*^cm“^  (down-50A). 
In  the  whole  structure  the  residual  acceptor  doping  density  is  5xl0^®cm~^  . 

We  can’t  observe  such  oscillation  if  the  packet  finds  scattering  ions.  Therefore  the 
doping  layers,  suppliers  of  electrons,  must  not  be  in  the  FSL.  Oiur  alternative  was  to  put 
the  doping  in  sandwich  layers.  This  choice  limitates  the  number  of  layers  in  the  FSL,  if 
we  desired  to  maintain  a  linear  alignment  of  the  wells  in  energy  and  minimize  the  lost  of 
coherence  of  the  waves  which  constitute  the  packet  as  they  pass  through  interfaces.  Of 
course  we  are  considering  a  very  pure  interface  between  different  materials,  in  such  a  way 
that  a  phase  delay  time  of  each  wave  of  the  packet  won’t  be  effective  in  the  lost  of  coherence 
until  a  few  periods  of  oscillation  were  completed. 

The  fast  switching  in  the  gate  voltage  will  change  the  effective  potential  at  which 
the  electron  are  submitted  to.  We  made  a  simple  estimate,  explained  late,  of  the  time 
delayed  to  the  stabilization  of  the  effective  potential  and  conclude  that  it  is  smaller  than 
the  oscillation  period  of  the  wave  packet,  what  is  necessary  to  cause  the  oscillations. 

THE  SIMULATION  MODEL 

We  solve  the  time-dependent  Schrodinger’s  equation  (1)  for  z  (growth)  direction, 
considering  plane  waves  for  the  electrons  in  x  and  y  ones: 
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We  use  in  such  solution  the  Split  Operator  techniqiie[9]  in  the  so  called  imaginary 


time: 


$(t  +  At)  a  a  (2) 

where  Veff  —  Vh  +  Vexc  +  Vg  is  the  effective  potential,  Vh  is  the  Hartree  potential, 
Vexc  is  the  exchange  and  correlation  potential,  and  K  is  the  FSL  conduction  band  profile. 
The  Hartree  potential,  14,  is  obtained,  as  usually,  through: 


^c(z)^14  =  -47re^[n(2:)  -  Nd{z)  +  Na{z)] 


(3) 


where  €  is  the  electric  permeability,  Nd  and  Na  are  the  donor  and  acceptor  densities 
respectively  and  n  =  En  electronic  density  with 


^  rriUKT 


Ep-Er, 

1  +  e 


(4) 


where  Ep  is  the  Fermi  energy  calculated  for  the  b\ilk  semiconductor  by  assuming 
the  charge  neutrality,  En  is  the  eigen-energy  of  subband  n  and  =  fm*^*^dz  . 

The  exchange  and  correlation  effects  are  (parametrized  by  [8]): 


where  a  =  ;X  =  =  ^  (effective  Bohr’s  radius) 

In  the  Split  Operator  method  we  change  {t)  by  {-it)  and  end  up  with  the  imaginary 
time  evolution.  In  doing  so  we  change  the  Schrodinger’s  equation  (IJtoB.  diffusion-equation 
like  where  a  wave  function  converges  to  the  ground-state.  By  starting  with  a  certain  number 
of  initial  wave  functions  ortonormalized  themselves  at  every  time  step,  they  converge  to  the 
first,  second,  etc.  eigen-states. 

’’Freezing”  the  effective  potential  at  the  gate  voltage  which  causes  the  desired  res¬ 
onance,  we  made  the  real  temporal  evolution  of  the  chosen  wave  packet,  with  the  above 
algorithm. 

RESULTS 

The  calculation  is  performed  for  seven  wells,  for  many  combinations  of  the  FSL 
parameters,  temperatures  and  doping  densities. 

These  combinations  of  the  parameters  were  tested  in  order  to  get  only  the  ’’Tamm” 
sub-band,  in  the  wide  well,  populated  without  the  applied  voltage  Vg. 


441 


Many  systems  haven’t  the  desired  characteristics  because  not  only  the  Tamm  State 
is  populated  or  they  haven’t  a  satisfactory  oscillation  under  resonant  voltage. 

To  achieve  the  resonant  tunneling  oscillation  we  choose  the  heterostructures  parar 
meters  whose  potential  profile  is  indicated  in  figure  2.  The  voltage  at  which  resonances 
of  populated  sub-bands  occur  are  obtained  by  the  scan  viewed  in  the  corner  down-right  of 
figure  2. 


100  200  300  400  500  600  100  200  300  400  500  600 


Figure  2:  Left:  potential  profile  and  the  electronic  probability  densities  aligned  with  the  respective 
sub-band  at  the  indicated  voltages.  Top  right:  the  electronic  charge  density  in  the  "Tamm”  sub¬ 
band.  Down  right:  sub-band  changes  with  gate- voltage  (Fermi  Level  at  OmeV). 

Using  the  effective  potential  profile  of  the  figure  2  at  158  mV  we  make  the  temporal 
evolution  of  the  Tamm  state  whose  initial  electronic  density  is  also  shown  in  figure  2  .  This 
wave  packet  reaUze  the  movement  (oscillation)  of  figure  3. 

This  wave  packet  represents  the  electrons  which  are  localized  initially  in  the  largest 
well  and  then  will  experience  a  charge  oscillation  whose  frequency  will  be  the  same  as  that 
of  the  emission  (0.6  THz). 

This  oscillation  is  possible  only  if  the  effective  potential  changes  its  profile  faster 
than  the  oscillation’s  period.  In  order  to  over-estimate  this  time  we  compare  the  FSL  as 
a  capacitor  in  a  simple  RC-circuit,  where  the  capacitance  is  fimction  of  its  charge.  We 
consider  the  total  charge  in  the  FSL  as: 
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Figure  3:  FSL  under  the  first  resonance  (first  and  second  sub-bands).  Left:  the  expected  position 
of  the  Tamm  state  as  function  of  time.  Right:  the  probability  density  of  this  wave  package  in  some 
selected  instants. 


y“6500 

Q:=eA  n{z)dz  (6) 

Jo 

Where  e  is  the  electron  charge,  A  is  the  contact  area  and  n(z)  is  the  electronic 

density. 

This  charge  is  function  of  the  gate  voltage,  and  the  capacitance  of  the  FSL  is: 


dV 


In  a  simple  RC-circuit  we  have,  by  the  Kirchhoff’s  law: 


(7) 


(8) 


Where  R  is  the  internal  and  external  resistances  of  the  experimental  apparatus. 
So  we  have; 


The  time  delayed  to  change  the  charge  from  0  to  Q  is: 

Using  this  equation,  where  C(C(Vg)  or  C(Q))  is  calculated  by  the  equation  (7)  , 
R~50Q,  V=158  mV  (the  gate  voltage  of  resonance)  and  a  contact  area  of  two  we  obtain 
Af=1.56ps,  lower  than  the  1.6ps  of  the  oscillation  period,  as  desired.  A  small  contact  area 
guarantee  a  small  time.  So  we  believe  that  oscillations  are  possible. 
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CONCLUSIONS 


Here  we  exposed  a  theoretical  prediction  of  a  far-infra-red  emission  without  optical 
pumping  but  with  a  ’’fast  switching”  the  gate  voltage  instead.  A  more  precise  heterostnic- 
ture  could  be  thought,  if  its  effective  potential  profile  was  more  fast  changed  when  the  gate 
voltage  turned  on.  An  estimate  of  dephasing  times  due  to  interface  imperfections  will  be 
importemt  too. 

We  use  the  usual  self-consistent  calculations  but  with  the  Split-Operator,  tech¬ 
nique  which  is  very  versatile  in  the  solution  of  Schrodinger’s  equation  to  many  different 
heterostructures . 

The  initial  ”eigen-Tamm-State”  becomes  a  state  which  could  be  thought  as  a  sum 
of  the  new  eigen-states  of  the  changed  Hamiltonian,  mainly  by  the  eigen-states  in  resonance. 
It  could  exist  a  situation  where  the  wave  packet  is  a  sum  of  Stark  l^^dder  states,  allowing 
the  frequency  of  emission  to  be  tuned  linearly  by  the  electric  field  (or  by  the  gate  voltage) 
and  not  in  a  very  few  range  near  the  resonance.  In  such  situation  the  oscillation  is  a  kind 
of  Bloch  -  Oscillation  and  the  emission’s  wave-length  could  be  tuned  by  the  voltage. 
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ABSTRACT 

To  improve  the  performance  of  p-type  SiGe-channel  FET's  is  important  for  Si-based 
high-speed/high-ffequency  applications.  This  work  discusses  the  design  of  germamium 
profiles  in  the  strained  Sij.xGe^  channel  region  of  p-type  SiGe  modulation  doped  FET's  and 
studies  its  effect  on  device  performance.  Two-dimensional  device  simulator  is  used  to  simulate 
the  large-signal  device  performance  for  various  Ge  distributions  including  triangular, 
trapezoidal,  and  flat  profiles.  In  particular,  the  thickness  of  the  strained  SiGe  channel  layer  is  15 
nm  and  a  5  nm  thick  Si  cap  layer  is  on  top  of  the  channel.  It  is  found  that  with  the  same 
integrated  Ge  content  in  the  strained  channel,  graded  Ge  profiles  lead  to  higher 
transconductances  and  larger  threshold  voltage  windows  than  those  of  flat  profiles,  due  to 
deeper  potential  wells  and  better  carrier  confinement  ability.  For  triangularly  graded  profiles, 
the  pe^  position  must  be  located  in  the  upper  half  portion  of  the  channel  layer  to  result  in 
superior  performance.  By  adding  more  Ge  to  extend  the  peak  region,  triangular  profiles  become 
trapezoidal  ones.  However,  more  Ge  content  does  not  necessarily  produce  better  performance. 
If  the  well  depth  of  trapezoidal  profile  is  the  same  as  that  of  triangular  profile  and  if  the 
trapezoid  plateau  begins  at  the  same  position  as  that  of  triangle  peak,  the  device  performance  is 
almost  the  same  for  both  profiles. 

INTRODUCTION 

High-speed  silicon  devices  are  strongly  demanded  by  the  rapid  growth  of 
communication  and  computer  markets.  For  Si  technology  to  fit  in  the  high-speed/high- 
frequency  area,  Si/SiGe  heterojunction  devices  have  been  developed  [l]-[6].  The  Si/SiGe 
heterojunction  bipolar  transistors  (HBT's)  provide  advantages  in  device  operation  speed,  but 
the  power  consumption  becomes  a  potential  problem  when  integration  density  increases. 
Introducing  SiGe  material  into  CMOS  design  makes  both  low  power  consumption  and  high 
speed  possible.  While  problems  such  as  process  integration  are  still  asking  for  efficient 
solutions  for  Si/SiGe  CMOS  technology,  the  profile  design  in  the  devices  is  another  important 
issue  in  the  development  process.  For  example,  it  is  essential  to  increase  the  speed  of  p-type 
devices  in  order  to  improve  the  overall  circuit  performance.  Studying  the  device  structures  also 
provides  physical  insight  toward  optimal  device  design  as  well  as  potential  problems  in  device 
operation.  For  p-type  SiGe  modulation  doped  FET  (p-MODFET),  how  to  design  a  good  Ge 
profile  is  an  important  issue.  In  this  work,  the  effect  of  germanium  concentration  profiles  on  the 
electrical  properties  of  SiGe  p-MODFET  is  systematically  investigated  by  using  a  two- 
dimensional  device  simulator.  Based  on  the  simulations,  guidelines  for  designing  superior 
profiles  are  derived. 
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Fig.  1  Illustration  of  the  simulated  SiGe  p-MODFET 
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Fig.  2  Ge  concentration  profiles  under  study. 


ANALYSIS  METHOD  AND  CONDITIONS 

Unlike  SiGe  HBTs,  grading  the  Ge  profiles  in  the  SiGe  channels  of  MODFET  does  not 
introduce  longitudinal  electric  field  to  accelerate  carriers.  It  is  another  reason  that  requires  the 
study  of  Ge  profile  design  in  SiGe  MODFETs,  namely  carrier  confinement.  Grading  ^ects  the 
carrier  concentration  in  the  SiGe  channel  and  has  influence  on  the  tum-on  of  other  parasitic 
channels.  Therefore,  the  device  current  and  transconductance  are  strongly  dependent  on  the  Ge 
profile  design.  The  purpose  of  the  paper  is  to  access  this  issue  by  simulation. 

In  order  to  concentrate  on  the  effect  of  different  Ge  profiles  and  to  avoid  the  influence 
of  short  channel  effect,  a  long  channel  p-MODFET  (/=1.8  pm)  is  devised  for  the  study.  The 
structure  of  the  simulated  p-MODFET  is  schematically  illustrated  in  Fig.  1 .  Several  parameter 
also  need  to  be  fixed  in  advance.  The  gate  material  is  set  to  be  n'^'-poly  Si  to  suppress  turning  on 
the  parasitic  channel  in  the  Si  cap  layer.  The  oxide  thickness  is  chosen  as  10  nm.  The 
thicknesses  of  the  Si  cap  layer,  the  Sij.xGex-channel  layer  and  the  Si  buffer  layer  arc  5  nm,  15 
nm  and  5  nm,  respectively,  and  these  three  layers  are  all  undoped.  To  obtain  a  threshold 
voltage  of  the  SiGe-channel  of  about  -0.5  V,  the  5-dopcd  layer  is  set  to  have  a  thickness  of  5 
nm  and  a  doping  concentration  of  about  6x10^^  cm~^,  and  the  background  doping  of  the  n-type 
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substrate  is  cm"3.  In  this  work,  after  the  study  of  Ge  profiles,  the  substrate  doping  and  the 
5-doping  are  also  varied  under  a  fixed  Ge  profile  to  study  the  leakage  current  property. 

Seven  Ge  profiles  in  the  SiGe-channel  region,  as  shown  in  Fig.  2,  are  devised  for 
electrical  property  simulations.  Profiles  #1  to  #5  are  all  triangles  and  only  differ  at  the  peak 
positions.  Profile  #6  is  a  rectangle  and  has  the  same  Ge  dose  as  those  of  profiles  #1  to  #5. 
Profile  #7  is  a  trapezoid  with  the  plateau  beginning  at  the  same  position  and  the  same  height  as 
those  of  the  peak  of  profile  #2.  Therefore,  the  dose  of  profile  #7  is  larger  than  the  other 
profiles.  All  the  doses  are  within  the  critical  thickness  limit.  As  a  reference,  Si  MOSFET  with 
the  same  device  dimensions  and  the  same  threshold  voltage  (-0.5  V)  is  also  simulated. 

The  TMA  MEDICI  2D  device  simulator  [7]  is  used  for  the  simulations.  Drift-diffusion 
model  is  employed  to  account  for  the  DC  characteristics.  Impact  ionization  model  is  also 
included  to  analyze  the  hot  carrier  and  punch-through  phenomena.  The  material  parameters  of 
Sii_xGex  are  set  equal  to  those  of  Si  except  the  energy  bandgap  and  mobility.  From  the 
simulations,  large-signal  electrical  characteristics  are  obtained.  Potential  contours  and  carrier 
concentration  contours  can  also  be  plotted.  The  quantities  we  concentrate  our  notice  on  are 
transconductance  and  threshold  voltage. 

RESULTS  AND  DISCUSSION 

Threshold  Voltage 

There  are  two  threshold  voltages  defined  for  the  MODFET's  with  cap  layers:  One  is  the 
SiGe-channel  threshold  voltage  (V^h)  and  the  other  is  the  parasitic  surface-channel  threshold 
voltage  (V^s)-  In  order  to  confine  more  carriers  in  the  high-mobility  SiGe-cheinnel  region, 
good  profile  designs  must  maximize  the  gate  voltage  window  (AVy)  which  is  defined  as  the 
difference  between  Vjh  and  Vyg.  Fig.  3  shows  the  threshold  voltage  behavior  of  the  Ge 
profiles  under  study.  For  triangular  profiles,  Vyg  varies  significantly  (from  -1.77  V  to  -1.19  V) 
as  the  Ge  peak  shifts  from  the  interface  between  Si  cap  layer  and  SiGe-channel  toward  the 
interface  between  SiGe-channel  and  Si  buffer  layer.  also  changes  but  with  slight  amount 
(from  -0.50  V  to  0.46  V).  Therefore,  the  triangular  peaks  near  the  upper  interface  give  larger 
AV^.  This  can  be  explained  by  considering  the  effect  of  the  Ge  concentration  slope  on 


Fig.  3  Threshold  voltages  for  various  Ge  profiles, 
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confining  holes  in  the  triangular  potential  wells.  Larger  slope  at  the  top  portion  of  triangle 
offers  larger  reverse  electric  field  to  hinder  the  holes  from  jumping  into  the  surface-channel.  So 
profile  #1  has  the  largest  Vys-  Since  the  delta-doping  concentration  and  the  peak  value  of  Gc 
profile  dominate  the  hole  concentration  in  the  potential  well,  the  five  profiles  have  similar 
values  in  Vj^.  Profile  #6  has  small  Ge  peak  concentration  (25%),  therefore,  its  is  much 
larger.  Interestingly,  this  profile  has  the  same  as  that  of  profile  #5.  This  confirms  the 
interpretation  mentioned  above  since  profile  #5  has  the  same  effective  top  barrier  height  as  that 
of  profile  #6.  For  profile  #7,  it  is  noted  that  its  threshold  voltages  are  nearly  the  same  as  those 
of  profile  #2,  which  can  be  understood  with  the  same  reasoning.  Although  profile  #1  gives  the 
largest  gate  voltage  window,  it  is  uneasy  to  fabricate  in  reality.  On  the  other  hand,  profile  #7 
owns  25%  more  Ge  dose  but  provides  only  the  second  largest  AVy.  Thus  profile  U2  is  the  best 
choice  in  the  views  of  threshold  voltage  window  requirement  and  process  feasibility. 

Transconductance 

The  gm-Vg  curves  for  the  various  profiles  are  calculated  at  a  drain  bias  of  -3  V.  It  is 
found  that  the  peak  transconductance  of  profile  #6  (25%  Ge,  rectangle)  is  1 .7  times  larger  than 
that  of  Si  MOSFET,  and  the  other  profiles  have  even  larger  values.  This  is  consistent  with  the 
trend  that  higher  Ge  mole  fraction  gives  higher  carrier  mobility. 

The  transconductance  peak  degrades  and  moves  to  higher  gate  bias  when  the  Ge 
concentration  peak  shifts  from  the  top  interface  to  the  bottom  interface,  as  shown  in  Fig.  4. 
Also,  these  transconductance  peaks  are  sharper  than  that  of  Si  MOSFET.  Because  the  SiGe- 
channel  is  turned  on  first  in  SiGe  p-MODFET  as  the  gate  bias  sweeps,  its  transconductance 
ramps  up  faster  than  in  Si  MOSFET.  Although  profile  #5  has  the  smallest  Vjh  its  gm 
rises  most  rapidly,  its  hole  confinement  capability  is  the  worst  and  thus  the  surface-channel 
takes  over  the  conduction  at  the  smallest  gate  bias,  which  in  turn  leads  to  the  smallest 
transconductance  peak  value  among  the  five  cases.  At  higher  bias,  the  p-MODFETs  show 
similar  transconductance  behavior  as  Si  MOSFET  does,  due  to  the  existence  of  surface-channel 
conduction.  Because  holes  experience  more  severe  interface  scattering  in  profile  #1,  the 
transconductance  is  a  little  smaller  than  in  profile  #2. 

Profile  #7  has  more  Ge  dose  than  profile  #2,  but  their  transconductance  curves  differ 
from  each  other  only  slightly,  as  shown  in  Fig.  5.  The  slight  difference  lies  in  that  the  larger 
bottom  Ge  concentration  slope  of  profile  #7  corresponds  to  a  smaller  and  thus  the  g^ 


Fig.  S  Comparison  between  the  gm-Vg  curves  of  proflIes 
HI  and  tn. 


Fig.  6  Hole  concentration  v  s.  ^-doping  level  in  three 
regions. 
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ramps  faster  in  the  -0.5  V  to  -1  V  bias  range.  Similar  hole  confinement  abilities  in  both  profiles 
give  similar  gj^  curves  for  most  of  the  gate  biases.  Therefore,  more  Ge  does  not  guarantee 
better  performance.  The  important  point  is  where  the  Ge  is  added. 

Doping  Consideration 

In  SiGe  p-MODFET's,  several  paths  may  exist  for  hole  leakage  current  at  zero  gate  bias: 
the  surface-channel,  the  SiGe-channel,  and  the  modulation-doped  layer.  Here,  we  monitor  the 
hole  concentrations  in  these  layers  at  sub-threshold  condition  to  study  the  effect  of  changing  the 
doping  levels  in  the  modulation-doped  layer  and  the  substrate.  Profile  #2  is  chosen  for  the 
study. 

Simulation  results  show  that  the  SiGe-channel  dominates  the  leakage  current  by  several 
orders  in  magnitude  than  the  other  two  regions  at  moderate  8-doping  levels  (Fig.  6.)  Although 
smaller  5-doping  is  helpful  in  reducing  leakage,  it  is  harmful  in  maintaining  AVj  because 
will  be  significantly  changed.  Increasing  the  substrate  doping  could  be  a  better  way,  because 
Vth  Vjs  change  synchronously  with  the  substrate  doping  and  AVj  can  be  kept  constant. 
The  substrate  doping  can  be  chosen  according  to  the  8-doping  level  so  that  the  8-doped  layer 
can  be  fully  depleted  and  the  leakage  current  can  be  effectively  suppressed.  Fig.  7  shows  that 
the  hole  concentrations  in  the  8-doped  layer  and  in  the  SiGe-channel  can  be  reduced  by 
increasing  the  substrate  doping  without  sacrificing  AVx-  Of  course,  the  absolute  value  of  Vjh 
sets  a  criterion  to  the  choice  of  substrate  doping. 


Fig.  7  (a)  Hole  concentration  v.s.  substrate  doping  level  in 
three  regions,  (b)  Dependence  of  threshold  voltages 
on  substrate  doping. 


SUMMARY 

The  Ge  profile  design  in  SiGe-channel  p-MODFET  is  studied.  The  top  gradient  of  the 
graded  Ge  profiles  plays  the  key  role  in  carrier  confinement.  Triangular  profiles  with  large 
peaks  located  in  the  upper  region  of  the  SiGe-channel  provide  best  device  characteristics. 
Adding  more  Ge  near  the  8-doped  layer  can  not  enhance  device  performance  and  thus  can  be 
excluded.  The  substrate  doping  and  the  8-doping  must  be  tailored  together  to  suppress  leakage 
current.  Optimal  profile  can  be  obtained  according  to  these  guidelines. 
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ABSTRACT 

The  absorption  properties  of  high  quality  bulk  Sii-^Gcx  single  crystals  (0  <  x  <  0. 16)  are 
studied.  Transmission  measurements  were  performed  at  the  indirect  absorption  edge.  The  shape 
of  the  absorption  edge  is  characterized  by  structures  attributed  to  the  onset  of  no-phonon  and 
phonon-assisted  indirect  optical  transitions.  Threshold  energies  have  been  determined  using  a 
differential  method.  A  corrected  calibration  function  for  the  dependence  of  the  excitonic  energy 
gap  on  composition  is  presented  for  the  compositions,  where  x  ranges  from  0  to  0. 16  .  The 
presented  calibration  function  can  be  used  for  the  composition  analysis  by  an  optical  method. 

The  analysis  is  independent  of  absolute  transmission  values. 

A  simulation  of  the  absorption  spectra  by  calculations  based  on  second  order  perturbation 
theory  was  used  to  fit  the  experimental  data.  This  procedure  allows  to  estimate  the  oscillator 
strength  of  the  no-phonon  transition  in  dependence  on  x. 

INTRODUCTION 

Sii-xGCx  belongs  to  the  relevant  material  systems  for  applications  in  the  near-infrared  spectral 
range.  A  potential  use  is  the  development  of  advanced  electronic  and  optoelectronic  devices.  A 
particular  interest  is  in  the  field  of  silicon-based  photovoltaics  to  enhance  the  photovoltaic 
response  in  the  infrared[l].  The  fundamental  quality  of  the  Sii-^Gcx-system  is  to  control  the  gap 
energy  by  the  variation  of  the  Ge  concentration  x.  The  gap  energy  is  closely  cormected  with  the 
optical  band  gap.  The  knowledge  of  the  spectral  behavior  of  the  absorption  coefficient  in 
dependence  on  x  is  of  particular  interest. 

The  transmission  of  Sii.xGcx  was  studied  first  by  Braunstein  et  al.[2].  For  increasing  Ge 
concentrations  the  absorption  edge  was  found  to  shift  towards  lower  photon  energies.  The 
authors  derived  their  composition  dependence  on  the  gap  energy  from  a  fit  of  a  one  phonon 
expression.  In  the  present  paper  the  transmission  in  the  vicinity  of  the  absorption  edge  was 
measured  using  Fourier  Transform  (FTIR)  spectroscopy.  A  corrected  calibration  function  for 
the  dependence  of  the  energy  gap  on  composition  is  presented  for  the  x-range  from  0  to  0  .16 
Only  high  quality  single  crystals  were  investigated.  The  gap  energy  can  be  determined  by  using 
the  threshold  position  of  transitions  instead  of  the  intensity  ratios  of  the  transmission,  which 
depends  on  thickness  and  effective  reflectivity.  The  derivative  of  the  transmission  at  the 
absorption  edge  reveals  several  characteristic  features  attributed  to  different  types  of  indirect 
transitions. 

Rutherford  backscattering  (RBS)  was  used  to  determine  the  Ge  concentration  in  the  Sii-xGe* 
samples. 

A  theoretical  model  for  the  absorption  of  electromagnetic  radiation  at  the  optical  edge  in  an 
indirect  semiconductor  includes  several  indirect  transitions.  The  fit  of  the  theory  to  the 
experimental  data  allows  to  draw  conclusions  about  the  x  dependence  of  the  oscillator  strengths. 
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EXPERIMENT 


Sii-^Ge,  single  crystals  have  been  grown  using  the  float  zone  (FZ)  and  the  Czochralski  (Cz) 
techniquei3,4].  The  samples  had  a  thickness  of  d=0.05cm  and  were  polished  at  both  sides.  The 
wafer  diameter  amounts  up  to  4cm.  Typical  Ge  contents  are  in  the  0-16  at  per  cent  range.  The 
carrier  density  was  below  1  lO'^cm'^ . 

Transmission  spectra  have  been  obtained  employing  the  BRUKER IFS  66v  FTIR 
spectrometer  in  the  spectral  range  of  the  indirect  absorption  edge  in  the  0  8-1  3cV  region.  The 
configuration  of  the  FTIR  spectrometer  was  a  tungsten  source,  a  CaF2  beam  splitter  and  a  Ge 
detector.  The  maximal  resolution  was  0. 1cm.  The  measurements  were  performed  at 
temperatures  from  77K  to  300K. 

The  RBS  random  spectra  were  measured  using  ^He*  ions  at  1 .4MeV  with  a  detector  angle  of 
170° 

RESULTS 

The  interactions  between  the  indirect  semiconductor  Sii.*Ge,  and  electromagnetic  radiation 
are  the  subject  of  the  investigations.  The  valence  band  (VB)  maximum  and  the  conduction  (CB) 
minimum  occur  at  different  points  in  the  momentum  (k)  space  Transitions  of  electrons  from  the 
VB  to  the  CB  require  a  participation  of  phonons  to  conserve  the  momentum  The  energy  is 
changed  by  the  absorption  of  photons.  The  energetic  position  of  an  indirect  transition  is 
characterized  by  the  band  gap  energy  E,  and  the  energy  of  the  participating  phonon  Eph  : 

h(o,=E,±E^^,  (1) 

Band-to-band  transitions  with  the  absorption  (a)  or  the  emission  (c)  of  several  phonons  Eph., 
occur.  Assuming  parabolic  energy  bands  at  the  critical  points,  the  second  order  perturbation 
theory  leads  to  a  quadratic  dependence  of  the  absorption  coeffreient  a  on  the  photon  energy  ho) 
for  these  electronic  transitions; 

=  4(,,  [*<»-(£,  ±£«.|)]  fof:  (2) 

a„j=0  for:  »<»<(£,  ±£„,) 


The  electrostatic  interaction  and  the  local  correlation  of  the  electron-hole  pair  manifest 
themselves  by  excitonic  states.  The  excitonic  contributions  can  be  described  by  a  hydrogen  like 
series  of  states  below  the  conduction  band  edge,  For  these  transitions  into  excitonic  states,  a 
follows  the  square  root  law; 


[»<«  -{e,±  £«.,  -  £.,)] 


for:  A©  >(£,±  (3) 

for:  A(0<(£,±  £„,-£„.) 


The  strengths  of  the  transitions  are  expressed  by  A  and  B.  Different  kinds  of  phonons  Eph,i 
(TO,  LO,  LA,  TA)  are  involved.  The  ultimate  shape  of  the  indirect  absorption  edge  is  formed  by 
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a  superposition  of  contributions  from  the  electronic  and  excitonic  transitions.  The  onset  of 
distinctive  transitions  manifests  itself  by  weak  changes  of  the  slope  of  the  absorption  spectrum, 
The  first  and  second  derivative  of  the  transmission  spectra  were  calculated  to  reveal  these 
weak  changes.  This  was  done,  because  the  changes  in  the  shape  of  the  transmission  are  more 
developed  than  in  the  shape  of  the  absorption.  The  transmission  x  is  given  by: 

t{q})  « (l  -  i?)  ^  exp  [-a  (o))  d) .  (4) 

The  spectral  dependence  is  conserved  in  the  first  derivative  of  the  transmission  as  well  as  in 
the  first  derivative  of  the  absorption,  if  it  is  assumed  that  the  derivative  of  the  effective 
reflectivity  (R)  is  small 


Z{0)) 


-a\Q)) 


2R\o)) 

\-R{(o) 


(5) 


As  shown  in  fig.  1,  in  the  first  derivative  of  a  FZ-Si  transmission  spectra  several  structures 
become  well  visible.  The  shape  of  these  structures  corresponds  to  the  shape  of  the  derivative  of 


figure  1 ,  The  transmission  x  of  a  FZ  Si  sample  at 
room  temperature  and  the  first  and  the  second 
derivative.  The  extrema  in  the  derivatives  can  be 
attributed  to  thresholds  of  TO  phonon  assisted 
transitions  (absorption  and  emission). 


Photon  energy  hoo  (eV) 


figure  2.  The  first  derivatives  of  3  samples  with 
different  compositions.  For  increasing  Ge  content 
the  absojption  edge  with  the  characteristic 
thresholds  shifts  toward  lower  energies.  For 
x>0,002  a  no-phonon  transition  occurs. 


a  transition  into  excitonic  states  described  by  equation  (3).  The  exact  position  of  a  threshold  can 
be  determined  by  evaluating  the  energetic  position  of  the  corresponding  minima  at  the  first  and 
second  derivatives.  The  example  in  fig.  1  reveals  two  transitions,  which  are  separated  by  an 
energy  of  1 15,6meV  (932cm'’  ).  Because  this  value  equals  twice  the  TO-phonon  energy  of  Si  of 
57.8meV  (466cm'’  )[5],  one  transition  can  be  identified  as  a  transition  with  TO-phonon 
absorption  and  the  other  with  TO-phonon  emission.  In  this  manner,  the  TA-phonon  thresholds 
can  be  determined,  too.  The  TA-phonon  energy  of  Si  is  18.4eV  (148cm'’ )  by  evaluating  the 
derivatives. 

For  the  Sii-xGex  samples  the  absorption  edge  was  found  to  be  shifted  towards  lower  photon 
energies,  when  the  Ge  content  increases.  The  derivatives  of  the  edge  show  the  shift  of  the 
structures  mentioned  (fig.  2).  The  energy  interval  between  the  thresholds,  which  were  identified 
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as  onsets  of  TO-phonon  assisted  transitions,  remains  constant.  No  significant  change  in  the  TO- 
phonon  energies  was  observed  for  the  investigated  compositions  A  further  threshold  appears 
positioned  exactly  at  half  the  energy  between  the  TO-phonon  thresholds  for  samples  with  Ge 
contents  of  more  than  0.2at  per  cent.  This  structure  can  be  attributed  to  a  no-phonon  transition 
It  is  caused  by  the  perturbation  of  the  translation  symmetry  of  the  lattice  due  to  the  incorporated 
Ge  atoms. 

The  excitonic  gap  energy  (  £,*=£,-£*«  )  can  be  derived  directly  from  the  position  of  the  no¬ 
phonon  threshold.  The  calibration  function  of  the  excitonic  gap  energy  in  dependence  on  the 
composition  was  performed  utilizing  the  more  pronounced  TO  threshold  Because  of  the 
constant  energy  interval  between  the  TO-thresholds,  the  phonon  energies  of  Si  can  be  applied 
The  linear  regression  of  the  room  temperature  data  leads  to  the  frinction: 

E^^{x)  =  (  1 1 10-0  382  x)eV  (6) 

The  position  of  the  threshold  can  be  determined  with  an  accuracy  of  ±l  3meV  The  transitions 
broaden  for  inhomogenous  samples.  The  Ge  concentration  can  be  determined  with  an  accuracy 
of  Ax  =  ±0.005. 


figure  3 .  Excitonic  band  gap  of  SiviGe,  alloys 
as  a  fimetion  of  the  composition.  The  circles  (•) 
and  the  solid  line  are  the  excitonic  gap  at  room 
temperature.  For  comparison  the  dashed  line 
represents  the  excitonic  gap  energy  from 
photoluminescence  spectra  at  4K[8]. 


figure  4  The  first  derivative  of  the 
transmission  (black)  and  the  derivative  of  die 
fitted  transmission  (white).  TO-,  LO-,  LA- 
and  TA-phonon  assisted  transitions  were 
considered.  The  thresholds  become  better  visible 
at  the  derivative  of  the  best  simulation. 


The  composition  dependence  of  the  gap  data, 

which  were  measured  at  room  temperature,  has  the  same  slope  as  the  function  obtained  from 
low-temperature  luminescence  data  [6].  The  difference  on  the  energy  scale  (fig  3)  is  given  by 
the  well-known  temperature  shift  of  the  Si  band  gap  [7].  The  comparison  of  the  presented 
calibration  function  with  the  function  of  Braunstein  et  al.[2]  revals  a  minor  difference  in  the  slope 
of  the  function  and  a  more  pronounced  difference  in  absolute  energy  values  This  may  be  caused 
by  the  inaccurate  one  phonon  aproximation,  which  was  used  to  determine  the  gap  energy  They 
also  investigated  samples,  which  partly  were  polycrystalline  In  this  paper  the  transmission  of 
high  quality  single  crystals  were  measured. 
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RBS  measurements 


Due  to  the  fairly  different  masses  of  Si  and  Gre  and  the  high  backscattering  cross-section  of 
Ge,  RBS  is  a  suitable  method  for  the  element  analysis  of  Ge  in  Sii-xCe^ .  Random  spectra  of 
different  Ge  concentrations  show  a  different  signal  level  depending  on  the  Ge  in  content.  Both 
surfaces  were  measured,  because  of  the  low  accessible  depth  of  about  1pm.  Then  the  spectra 
were  added  to  give  a  spectrum  with  an  average  composition  to  make  the  results  comparable  with 
the  bulk  analysis  from  the  transmission  measurements. 

Data  analysis 

The  data  analysis  has  been  performed  by  a  simulation  procedure,  which  is  based  on  second 
order  perturbation  theory.  The  model  describes  the  spectral  shape  by  adding  the  contributions  of 
the  involved  indirect  transitions.  Band  to  band  as  well  as  excitonic  transitions  are  included 
(equ  .2  and  3).  The  positions  of  the  transitions  have  to  be  exactly  determined  by  evaluating  the 
first  and  second  derivative  of  transmission,  since  they  are  sensitive  parameters  of  the  fit.  Then 
each  contribution  is  fitted  separately  by  a  variation  of  the  factor,  which  represents  the  oscillator 
strength.  If  the  contribution  of  a  transition  is  determined,  it  will  be  subtracted  from  the  data.  All 
contributions  are  characterized  in  this  way  to  answer  the  following  questions:  Which  phonons 
are  involved?  What  kinds  of  processes  occur?  What  is  the  oscillator  strength  of  each  transition?. 
The  example  (fig  .  4)  shows  the  first  derivative  of  the  experimental  transmission  and  the  fitted 
transmission  of  a  FZ  Si  sample.  Additionally  to  the  thresholds  observed  in  the  derivatives  further 
contributions  can  be  identified  and  determined  in  the  course  of  the  fit.  The  positions  of  these 
thresholds  are  strongly  related  to  absorption  and  emission  transitions  involving  LO,  LA  and  TA 
phonons,  because  the  energetic  position  of  the  thresholds  corresponds  to  the  Si  phonon 
energies  [5], 

In  order  to  test  the  fitting  process  and  to  consider  temperature  effects,  the  absorption  spectra 
of  a  Si  sample  measured  at  various  temperatures  were  fitted  first.  The  temperatures  range  from 
77K  up  to  300K.  As  expected  the  coefficients  according  to  the  strength  of  contributions  from 
transitions  involving  absorption  or  emission  of  phonons  show  a  temperature  behavior  in 
accordance  with  the  Bose-Einstein  statistics  of  the  phonons. 

Fitting  the  data  of  Sii.xGex  mixed  crystals  with  different  Ge  content  reveals  the  changing 
share  of  each  contribution  represented  by  the  coefficients  Aei,i  and  Bexc,i  Regarding  the 
temperature  the  coefficients  are  related  to  the  oscillator  strengths.  As  an  example  the  coefficient 
Bno  of  the  no-phonon  transition  is  shown  in  fig.  5  .  Bno  seems  to  be  mainly  determined  by  a  linear 
dependence  of  the  oscillator  strengths  on  the  considered  part  of  composition. 

Profiling  and  mapping 

The  optical  properties  of  the  Si^xGex -system  can  be  used  to  get  information  about  the 
composition  of  a  Sii-xGe*  sample  very  rapidly,  simply  and  without  destruction  of  the  sample  [8]. 
Further  it  is  a  very  cost  efficient  method  to  determine  the  Ge  content,  because  no  preparation  of 
the  sample  is  necessary.  This  procedure  may  be  applied  without  a  detailed  knowledge  of  the 
exact  thickness  and  the  surface  quality.  Thus  wafer  with  a  defined  surface  and  thickness  as  well 
as  thick  bulky  samples  in  the  as  grown  state  can  be  analyzed.  It  is  possible  to  scan  along  the 
crystal  growth  axis  (fig.  6)  or  to  perform  a  lateral  composition  map  of  a  wafer. 
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figure  6  A  scan  akng  the  crystal  axis  of  a 
Si|..Ge,  single  crystal  in  the  as-grown  state. 

The  growth  of  fiie  crystal  starts  wifii  a  Si  seed, 
then  Ge  is  added. 

CONCLUSIONS 

Threshold  energies  of  the  transitions  at  the  indirect  absorption  edge  can  be  determined  by 
examining  the  first  and  second  derivative  of  the  transmission.  For  the  Si|.xGex  single  crystals  the 
TO  phonon  energy  of  Si  is  constant  in  the  range  0 x  <  0  . 16  .  A  simulation  of  the  absorption 
edge  can  be  performed  considering  the  threshold  positions  and  phonon  energies.  Coefficients, 
which  are  related  to  oscillator  strengths  are  a  result  of  the  data  arudysis 

The  shift  of  the  gap  energy  of  Sii.xGe*  was  determined  by  evaluating  a  certain  threshold 
position.  The  presented  calibration  function  between  the  alloy  composition  and  the  excitonic 
band  gap  can  be  used  for  optical  composition  arudysis  at  room  temperature  It  is  a  bulk  analysis 
of  Sii.xGex  material.  The  method  is  nondestructive,  independent  of  absolute  transmission  values. 
There  is  no  special  sample  preparation  required.  A  profiling  and  mapping  of  samples  can  be 
performed. 
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ABSTRACT 

The  initial  stages  of  MBE  growth  of  PbSe  on  CaF2/Si(lll)  were  studied  by  in  situ  XPS. 
The  surface  reaction  between  CaFa  and  elemental  Se  is  also  studied  as  a  comparison.  Ca  2p,  F  b, 
Pb  4/  and  Se  3d  peaks  all  shift  to  lower  binding  energies  (1.2  -  1.6  eV)  with  increasing  PbSe 
coverage.  This  indicates  a  strong  interaction  between  the  PbSe  Overlayer  and  the  underlying  CaF2 
and  the  formation  of  Pb-F  and  Ca-Se  interfacial  bonds.  No  chemically  graded  reaction  products 
are  detected  at  the  PbSe/CaF2  interface.  A  transition  layer  of  about  6  ML  is  observed  which  can 
be  partially  accounted  for  by  the  open  3D  structure  of  CaF2  where  three  layers  of  atoms  are 
available  for  bonding  with  the  deposited  material.  This  structure  allows  interpenetration  of  the 
PbSe  and  CaFi  layers  which  necessarily  leads  to  a  thin  transition  layer.  Based  on  our  XPS  results, 
we  propose  a  model  for  the  bonding  arrangements  at  the  PbSe/CaF2(l  1 1)  interface. 


INTRODUCTION 

Epitaxial  growth  of  high  quality  PbSe/CaF2/Si(l  1 1)  heterostructures  is  an  important  materials 
technology  for  fabricating  infrared  detector  arrays  and  tunable  diode  lasers  [1,2].  The  large  band 
edge  discontinuities  (>3eV)  may  also  be  utilized  in  the  fabrication  of  quantum  effect 
heterostructure  devices  composed  of  thin  layers  of  these  materials.  For  these  heterostructures, 
the  bonding  arrangements  and  stoichiometry  during  interface  formation  can  have  a  significant 
impact  on  the  ultimate  device  performance.  While  the  CaF2/Si(l  1 1)  interface  has  been  extensively 
investigated  [3],  little  has  been  reported  on  the  PbSe/CaF2  interface.  In  this  work,  we  use  in  situ 
XPS  to  study  the  initial  stages  of  MBE  growth  of  PbSe  on  CaF2/Si(l  1 1)  and  propose  models  for 
the  bonding  arrangements  at  the  PbSe/CaF2  heterointerface. 


EXPERIMENT 

Epitaxial  growth  of  PbSe/CaF2/Si(lll)  heterostructures  was  carried  out  in  a  single  growth 
chamber  of  an  EPI  modular  GEN-II  MBE  system.  Three-inch  diameter  p-type  Si(l  1 1)  substrates 
were  cleaned  using  a  modified  Shiraki  etch  [4]  followed  by  a  2min.  HF(10%)  dip.  We  have 
shown  that  high  quality  single  crystalline  CaF2  can  be  grown  on  Si(lll)  by  removing  the 
hydrogen-passivated  layer  at  temperatures  as  low  as  500°C  and  thereby  minimizing  undesirable 
interfacial  reactions  arising  firom  the  high  Se  background  [5].  PbSe  films  were  grown  on  200 A  of 
CaF2  at  substrate  temperatures  of  280®C  by  evaporating  bulk  PbSe  in  a  low  temperature  effusion 
cell  held  at  600°C.  This  corresponds  to  a  BEP  of  6.0x10'^  Torr  and  a  growth  rate  of  0.054ML/s 
as  inferred  fi-om  RHEED  intensity  oscillations  [5].  For  the  deposition  of  Se,  an  EPI  valved 
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cracker  was  used  to  produce  a  BEP  of  1.1x10*’  Torr  (Tbrfk/Tc«ckcr  =  220/425®C).  High  structural 
quality  of  PbSc  was  confirmed  by  sharp  (1x1)  streaks  in  the  RHEED  patterns  and  smooth 
surfaces  revealed  by  SEM  and  Nomarski  microscopy. 

To  study  the  interface  formation,  PbSe  growth  was  interrupted  at  various  coverages  and 
samples  were  transferred  under  UHV  to  an  adjoining  analysis  chamber  for  XPS  experiments.  This 
chamber  is  equipped  with  a  VGIOOAX  hemispherical  analyzer  and  an  XR3E2  twin-anode  X-ray 
source  used  in  conjunction  with  a  VGX900  data  acquisition  system  (Ftsons  Instruments).  The 
base  pressure  of  this  chamber  was  kept  below  10*  Torr  during  the  experiments.  XPS  spectra 
were  obtained  by  running  the  Alkttu  source  (hu  =  1486.6eV)  at  a  15keV  potential  and  a  10mA 
emission  current.  The  constant  analyzer  energy  mode  was  used  with  a  pass  energy  of  20eV.  All 
binding  energies  (BE)  are  referenced  to  F  Is  =  685.0eV  for  bulk  CaFj. 


RESULTS  AND  DISCUSSIONS 
XPS  Results 

Fig.  1  shows  the  evolution  of  photoemission  intensities  of  Ca  2p,  F  Is,  Pb  4/  and  Se  core 
level  transitions  after  sequential  deposition  of  PbSe  onto  the  CaFi/SKl  1 1)  surface.  The  Ca  2p  and 
Pb  4/  peaks  are  spin-orbit  split  into  j  =  1/2,  3/2  and  y  =  5/2,  IFl  doublets,  respectively.  Energy 
shifts  of  ~0.4cV  were  observed  for  the  CaFi  peaks  after  the  deposition  of  le«  than  O.SML  of 
PbSe  (plots  (a)  and  (b)  in  Fig.  1).  This  pro^ty  arises  fipom  band-bending  caused  by  charge 
transfer  between  the  semiconductor  and  the  insulator. 

With  increasing  coverage,  the  Pb  and  Se  peaks  grow  as  well  as  shift  to  lower  BE. 
Corresponding  shifts  and  reduction  in  intensities  can  be  observed  in  the  Ca  and  F  spectra.  The  Ca 
and  F  core  levels  are  broadened  with  noticeable  shoulders  developed  on  the  lower  BE  side  at 
~1ML  coverage  (encircled  in  plot  (c)  of  Fig.  1).  At  this  early  stage,  no  preferential  segregation  of 
Ca  nor  F  was  detected,  suggesting  that  the  interfiiciai  bonding  involves  both  Ca  and  F  atoms. 
These  observations  are  indicative  of  PbSe  overlayer-CaF2  interaction  and  can  be  attributed  to  the 
formation  of  Pb-F  and  Ca-Se  interfacial  bonds.  The  ratio  of  F  Ir  to  Ca  2p  signals  drops  at  higher 
coverages,  probably  due  to  the  more  effective  shielding  of  the  F  atoms  by  the  bigger  Pb  atoms. 

Above  IML,  the  Ca,  F,  Pb  and  Se  peaks  all  shift  in  tandem  to  lower  BE  without  any 
significant  broadening  of  the  peaks.  This  suggests  that  these  atoms  are  now  in  a  continuous^ 
changing  environment  at  different  stages  of  interfece  evolution.  For  CaF:,  this  represents  a 
progressive  dilution  of  Ca  and  F  in  an  increasingly  PbSe-rich  matrix.  At  the  same  time,  the  Pb 
4/7/2  and  Se  peak  energies  approach  the  bulk  values  of  136.SS  and  S2.85eV,  respectively  at 
-6ML. 

Earlier  work  involving  LPE  growth  of  PbSe  on  BaF2  substrates  revealed  that  selenium  vapor 
reacts  with  BaF2  to  form  reaction  compounds  [6].  During  MBE  growth  of  PbSe  on  BaF2/CaF2 
buffer  layers  on  Si,  evidence  of  inteifacial  reactions  is  manifested  as  blisters  formed  when  the 
CaF2  layer  is  greater  than  the  critical  thickness  of  20A  [7].  It  was  speculated  that  reaction  with 
BaF2  allowed  migration  of  Se  to  the  CaF2  layer  where  it  penetrated  threading  dislocations  and 
reduced  the  plasticity  of  the  layer.  To  investigate  the  possibilities  of  reaction  product  formation  at 
the  PbSe/CaF2  interface,  we  examined  the  core  level  transitions  during  Se  deposition  on 
CaF2/Si(l  1 1)  surface.  Clear  breaks  in  the  Se  peak  intensity  against  coverage  plot  (Fig.  2a)  can  be 
seen,  suggesting  the  presence  of  interfecial  conpouixls  with  different  stoichiometries.  This  is 
consistent  with  LPE  results  where  BaSe  and  BaSej  are  formed  when  BaF2  surface  is  exposed  to 
Se  vapor.  In  contrast  to  elemental  Se  deposition,  PbSe  deposition  leads  to  a  much  smoother 
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Figure  2.  Variation  of  the  normalized  XPS  overlaycr  peak  heights  as  a  function  of  coverage 
during  the  deposition  of  (a)  Sc  and  (b)  PbSc  on  CaF^Si(  111). 


(a) 


(b) 


[111] 


Figure  3.  Models  for  the  bonding  arrangements  at  the  PbSc/  CaFj  (111)  interface  along  the 
(01 1)  plane:  (a)  Pb  atoms  directly  bonded  to  top>layer  F  atoms  while  Se  atoms  share  bonds 
with  three  surrounding  Ca  atoms,  (b)  Pb  atoms  directly  bonded  to  lower-layer  F  atoms  and  Se 
atoms  bonded  to  Ca  atoms  residing  directly  below.  The  bonding  arrangement  in  (b)  is  more 
energetically  favorable  [10]. 
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variation  of  the  Se  (as  well  as  Pb)  peak  intensity  (Fig.  2b),  indicating  that  the  PbSe/CaFa 
interface  is  much  more  abrupt,  with  no  evidence  for  the  existence  of  chemically  graded  reaction 
products  at  the  interface. 


PbSe/CaF-)  Interfacial  Bonding  Arrangements 

The  fact  that  the  CaF2  and  the  PbSe  overlayer  BE  shift  in  tandem  implies  that  there  is  an 
orderly  compositional  transition  through  the  PbSe/CaF2  interface.  The  thickness  of  this  transition 
layer,  about  6ML,  can  be  partially  accounted  for  by  the  open  three-dimensional  structure  of  the 
CaF2(  111)  surface.  Three  layers  of  atoms  are  available  for  bonding  with  deposited  material:  (1)  a 
layer  of  F  at  the  surface,  (2)  a  layer  of  Ca  0.79  A  below  the  surface,  and  (3)  another  layer  of  F 
1.58  A  below  the  surface.  This  structure  allows  interpenetration  of  the  PbSe  and  CaF2  layers 
which  necessarily  lead  to  a  thin  compositional  transition  layer. 

Based  on  electrostatic  arguments,  it  is  reasonable  to  assume  that  only  Pb-F  and  Ca-Se 
bonding  occurs  at  the  PbSe/CaF2  interface.  In  addition,  both  PbF2  and  CaSe  have  stable  cubic 
phases  with  lattice  parameters  (5.927A  and  5.924A,  respectively)  [8,9]  and  hence  bond  lengths 
that  lie  between  those  of  CaF2  (a=5.464)A  and  PbSe  (a=6.126A).  This  leaves  two  possible 
bonding  arrangements  for  the  interface  as  shown  in  Fig.  3.  One  consists  of  Pb  atoms  residing 
directly  over  and  bonding  to  the  top-layer  of  F  atoms  and  of  Se  atoms  residing  directly  over  the 
lower-layer  of  F  atoms  but  bonding  to  the  three  surrounding  Ca  atoms  (Fig.  3a).  The  second 
consists  of  Pb  atoms  residing  directly  over  and  bonding  to  the  lower-layer  of  F  atoms  and  of  Se 
atoms  residing  directly  over  and  bonding  to  the  layer  of  Ca  atoms  (Fig.  3b).  Coexistence  of  these 
two  bonding  arrangements  results  in  the  growth  of  PbSe  epilayers  with  twinned  domains 
azimuthally  rotated  by  (2n-l)JC/3  with  respect  to  each  other.  Diffraction  from  such  a  layer  would 
show  sixfold  symmetry.  This  was  not  observed  in  the  our  RHEED  patterns  indicating  that  only 
one  bonding  arrangement  exists  for  our  structures.  Our  present  XPS  data,  which  supports  the 
simultaneous  formation  of  Pb-F  and  Ca-Se  bonds  at  the  interface,  is  consistent  with  both  of  these 
bonding  arrangements  but  cannot  unambiguously  differentiate  between  them.  It  has,  however, 
been  suggested  that  equilibrium  interactions  favor  the  second  bonding  arrangement  [10]. 


CONCLUSIONS 

In  situ  XPS  has  been  used  to  investigate  the  interfacial  chemistry  and  bonding  configurations 
between  PbSe  and  CaF2  grown  on  Si(l  1 1)  substrates.  Ca  2p,  F  Is,  Pb  4/ and  Se  M  peaks  all  shift 
to  lower  binding  energies  (1.2  -  1.6  eV)  with  increasing  PbSe  coverage.  This  indicates  a  strong 
interaction  between  the  PbSe  overlayer  and  the  underlying  CaF2  surface  and  the  formation  of  Pb-F 
and  Ca-Se  interfacial  bonds.  Unlike  the  Se/CaF2  interface  where  interfacial  confounds  with 
different  stoichiometries  are  present,  no  chemically  graded  reaction  products  are  detected  at  the 
PbSe/CaF2  interface.  Instead,  a  transition  layer  of  about  6  ML  is  observed  which  can  be  partially 
accounted  for  by  the  open  3D  structure  of  CaF2  where  three  layers  of  atoms  are  available  for 
bonding  with  the  deposited  material.  This  structure  allows  interpenetration  of  the  PbSe  and  CaF2 
layers  which  necessarily  leads  to  a  thin  transition  layer. 
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ABSTRACT 

The  efficiency  of  group  II-VI  solid  solutions  doped  with  chlorine  and  copper  as  X-ray 
downconverting  phosphors  for  photodetectors  is  investigated.  It  is  found  that  the  phosphors  based 
on  the  group  II-VI  compounds  and  prepared  in  oxygen-free  medium  can  increase  the 
photodetectors  sensitivity  to  X-ray  radiation  more  than  one  order  of  magnitude  and  enhance  the 
photodetectors  photovoltage  versus  X-ray  radiant  flux  characteristic  linearity. 

INTRODUCTION 

Wide  bandgap  group  II-VI  compounds  ZnS,  ZnSe  and  CdS  are  one  of  the  most  effective 
luminescence  materials  which  enable  to  cover  the  spectral  range  from  blue-green  to  near  infrared, 
if  solid  solutions  are  formed.  These  materials  can  be  used  in  electroluminescent  displays  [1,2], 
for  short- wavelength  visible  light  emitting  diodes  and  lasers  [3-7]  and  as  X-ray  downconverting 
coatings  on  the  photodetectors  [8,9] .  Recently,  we  investigated  the  Zn(SeTe)  solid  solutions  and 
found  that  from  these  materials  effective  red  phosphors  can  be  fabricated,  if  Te  excess  which  is 
formed  at  a  thermal  treatment,  is  removed  [  10] . 

In  II-VI  compomids  two  intense  luminescence  bands  exist  which  are  usable  at  room 
temperature.  (1)  Self-activated  (SA)  luminescence  band  which  is  formed  due  to  the  intrinsic  host 
defects  and  one  dopant.  (2)  Donor-acceptor  pair  (DAP)  luminescence  band  which  is  formed  when 
donor  and  acceptor  codopants  are  used.  Different  background  impurities  in  the  initial  material  can 
supress  or  enhance  the  intensity  value  of  these  bands.  The  nearby  located  SA  and  DAP 
luminescence  bands  form  one  broad  band  whose  spectral  curve  shape  and  band  peak  location  can 
be  varied  by  the  used  dopants,  fluxing  medium  concentration  and  mixture  composition. 

The  doping  of  luminescence  materials  with  rare  earth  elements  has  attracted  much 
attention  last  years  [1,  11].  Rare  earth  elements  have  partially  filled  4f  shells  which  are  well 
screened  by  outer  closed  orbitals  4s^  and  5p^  The  intracentre  transition  of  4f  electrons  give  rise  to 
sharp  emission  spectra  in  various  host  materials  [11]. 

The  aim  of  this  work  was  to  investigate  the  efficiency  of  doped  with  Cl  and  Cu  (ZnCd)S, 
(ZnCd)Se  and  Zn(SeTe)  phosphors  as  X-ray  downconverting  coatings  for  photodetectors. 

EXPERIMENT 

ZuS,  CdS,  ZnSe,  CdSe  and  ZnTe  powders  of  semiconductor  purity  as  starting  materials 
were  used.  Mixed  powders  were  heated  with  5  wt%  ZnCl2  or  CdCb  at  1250  K  in  the  evacuated 
quartz  ampoules,  then  cooled  down  to  room  temperature  together  with  a  tube  furnace  at  a  rate  of 
-1.2  Kmin"’.  CuCb  solution  in  water  was  used  for  the  copper  doping.  Residual  ZnCE  or  CdCb 
were  removed  from  phosphors  by  the  vacuum  annealing  at  800  K. 
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Scintillator  caps  for  measurements  were  made  from  black  paper.  The  inner  side  of  the  cap 
was  coated  with  a  phosphor  layer  on  white  paper  u^g  epoxy  ghie.  X-ray  tube  0.5BSV2-Cu  with 
a  copper  anode  was  used  as  a  X-ray  source.  The  X-ray  radiant  flux  value  was  determined  with  a 
X-ray  dose  meter  DRG3-02.  The  photovohage  of  the  silicon  photodiode  S1336-8BK  coated  with 

a  scintillator  cap  was  registered  with  the  electrometer  ITN-6,  with  a  1 00  MQ  load  resistance. 
RESULTS 

Photodiode  S1336-8BK  photovoltage  Uf  without  and  with  the  scintillator  caps  of  different 
phosphors  at  the  radiant  flux  value  23.5  fiRs  '  (14.5  keV)  is  presented  in  Table  I.  The  highest  Uf 
values  were  achieved  with  the  ZnS  and  ZnSe-based  phoq)hors. 

Table  I 

Photodiode  SJ336-8BK  photovoltage  Uf  with  the  caps  of  different  phosphors 
at  radiant  flux  23.5  pRs'  (14.5  keV).  Load  resistance  100  MO. 


No 

Phosphor 

Dopants 

Uf,  mV 

1 

1.22 

2 

Zno.8Cdo,2S 

Cl,  Cu 

46.2 

3 

Zno.7Cdo.3S 

Cl,  Cu 

46 

4 

Zno.6Cdo.4S 

Cl 

25.6 

5 

Zno.6Cdo.4S 

Cl,  Cu 

38.8 

6 

Zno  98Cdfl,()2Se 

Cl,  Cu 

26.5 

7 

Zno.9i5Cdo.o85Se 

Cl,  Cu 

29.5 

8 

Zno.85Cdo.15Se 

Cl,  Cu 

24.5 

9 

ZnSe 

Cl 

5.7 

10 

ZnSe 

Cl,  Cu 

24.7 

11 

ZnSeo,98Teo.o2 

Cl  Cu 

26.5 

12 

ZnSeo.95Teo.05 

Cl 

23.5 

13 

ZnSeo.95Teo,o5 

Cl  Cu 

31.8 

14 

2^Seo.9Teo.i 

Cl  Cu 

20.8 

The  dependence  of  a  photodiode  photovoltage  upon  a  X-ray  radiant  flux  value  is  presented 
in  Fig.  1.  The  diode  photovoltage  versus  X-ray  radiant  flux  characteristics  with  and  without 
(ZnCd)S  phosphor  coatings,  measured  at  different  times,  were  different.  In  Sept.  1994  wc 
measured  with  the  (ZnCd)S  pho^hor  coatings  nearly  linear  characteristics  up  to  the  X-ray  radiant 

flux  values  of  10'‘  p.Rs*'.  Some  sublinearity  of  the  chararteristics  can  be  caused  by  the  phosphor  to 
photodiode  conversion  losses  (photodiode  has  a  glass  window).  In  May  1996  with  the  same 
(ZnCd)S  phosphors  and  with  (ZnCd)Se  and  Zn(SeTe)  phosphors  diode  photovohage  began  to 
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Fig.  1.  Photodiode  SI336-8BK  photovoltage  versus  X-ray  radiant  flux.  (1)  and  (2) 

Without  coating.  (3)  and  (4)  With  ZnosCdo2S:Cu:CI phosphor  cap.  (5)  With 
ZnSeo  95Teo  o3  'Cu: Cl  phosphor  cap.  (I)  and  (3)  are  measured  in  Sept.  1994. 

(2),  (4)  and  (5)  are  measured  in  May  1996. 

saturate  from  the  X-ray  radiant  flux  value  of  ~  10^  llRs'‘  whereas  the  results  were  the  same  at  low 
X-ray  radiant  flux  values.  After  the  checkup  of  the  X-ray  tube  we  concluded  that  the  earher 
measurements  at  high  X-ray  radiant  flux  values  caused  some  alterations  in  the  photodiode 
structure.  From  the  group  II- VI  solid  solutions  ZnS-based  phosphors  have  the  highest  conversion 
efficiency,  Doped  with  copper  and  chlorine  ZnS-based  phosphors  have  remarkable  afterglow 
whereas  afterglow  is  not  detected  at  doped  with  only  one  dopant  chlorine  ZnS-based  phosphors. 
However,  its  conversion  efficiency  is  smaller  too.  ZnSe-based  phosphors  can  be  superior  at  low  X- 
ray  radiant  flux  levels  due  to  a  much  smaller  time  constant  of  these  phosphors. 

II- VI  photoconductive  cells  have  oxide  layer  on  the  cell  surface  due  to  a  fabrication 
technology.  We  measured  the  enhancement  of  the  sensitivity  up  to  2  orders  of  magnitude  and 
much  better  linearity  of  the  cell  resistance  vs.  X-ray  radiant  flux  characteristics  using  the  Cd(SeTe) 
photoconductive  cell  with  a  phosphor  cap. 

CONCLUSIONS 

We  have  investigated  the  efficiency  of  (ZnCd)S,  (ZnCd)Se  and  Zn(SeTe)  solid  solutions  as 
downconverting  phosphors  for  the  photodetectors.  We  have  found  that  these  compounds  enabled 
more  than  one  order  of  magnitude  to  enhance  the  silicon  photodiode  sensitivity  to  a  X-ray  radiant 
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flux  and  to  improve  the  linearity  of  the  photodiode  photovohage  versus  X-ray  radiant  flux 
characteristic. 
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ABSTRACT 

Theoretical  dramatic  improvement  of  the  thermoelectric  properties  of  materials  by  using 
quantum  confinement  in  novel  semiconductor  nanostructures  has  lead  to  considerable  interest  in  the 
thermoelectric  community.  Therefore,  we  are  exploring  the  critical  materials  issues  for  fabrication 
of  quantum  confined  structures  by  magnetron  sputtering  in  the  lead  telluride  and  bismuth  telluride 
families  of  materials.  We  have  synthesized  modulated  structures  from  thermoelectric  materials  with 
bilayer  periods  of  as  little  as  3.2  nm  and  shown  that  they  are  stable  at  deposition  temperatures  high 
enough  to  grow  quality  films.  Issues  critical  to  high  quality  film  growth  have  been  investigated 
such  as  nucleation  and  growth  conditions  and  their  effect  on  crystal  orientation  and  growth 
morphology.  These  investigations  show  that  nucleating  the  film  at  a  temperature  below  the  growth 
temperature  of  optimum  electronic  properties  produces  high  quality  films.  Our  work  with  sputter 
deposition,  which  is  inherently  a  high  rate  deposition  process,  builds  the  technological  base 
necessary  to  develop  economical  production  of  these  advanced  materials.  High  deposition  rate  is 
critical  since,  even  if  efficiencies  comparable  with  CFG  based  refrigeration  systems  can  be 
achieved,  large  quantities  of  quantum  confined  materials  will  be  necessary  for  cost-competitive 
uses. 

INTRODUCTION 

The  thermoelectric  effect  uses  the  thermal  energy  transported  by  charge  carriers  to  produce 
solid-state  cooling  with  electrical  current  flow  or,  conversely,  to  take  advantage  of  thermal 
diffusion  of  charge  carriers  in  a  thermal  gradient  to  produce  a  current.  The  use  of  thermoelectric 
materials  to  generate  current  has  a  wide  range  of  applications,  ranging  from  temperature  sensing 
“thermocouples”  to  electrical  power  generators  for  interplanetary  spacecraft.  The  application  of 
thermoelectrics  for  cooling  or  heating  is  primarily  limited  by  its  efficiency  which  is  lower  than  that 
of  conventional  gas  cycle  refrigeration.  However,  since  thermoelectric  devices  have  no  moving 
parts,  they  can  easily  be  made  very  small  and  relatively  inexpensively.  They  also  produce  no 
vibrations,  making  them  ideal  for  coupling  with  optical  or  infrared  sensors.  Although  they  have  not 
replaced  CFG  and  related  refiigeration  systems  for  large-scale  cooling  of  food  or  buildings  where 
efficiency  is  very  important,  thermoelectric  coolers  are  being  mass  produced  for  portable  food 
coolers  where  their  small  size  and  light  weight  are  important. 

Recently  developed  semiconductor  technology  and  theory  may  provide  a  route  to  engineering 
higher  efficiency  materials,  which  could  greatly  expand  the  use  of  thermoelectric  materials  bringing 
the  advantage  of  solid-state  coolers  to  a  substantially  broader  range  of  applications.  Theoretical 
predictions  by  Hicks  and  Dresselhaus  suggest  that  using  2D  quantum  confinement  of  the  charge 
carriers  in  multilayer  thermoelectric  materials  may  lead  to  a  substantial  increase  in  the  thermoelectric 
figure  of  merit,  Z}^  The  figure  of  merit  is  defined  as: 


where  p,  S,  and  A  are  the  electrical  resistivity,  Seebeck  coefficient,  and  the  thermal  conductivity, 
respectively.  Multiplying  by  temperature,  T,  gives  the  dimensionless  figure  of  merit,  ZT:  the 
materials  parameter  which  characterizes  the  optimal  performance  of  the  material  in  a  device,  both  in 
terms  of  efficiency  as  well  as  maximum  achievable  cooling.  High  Z  material  could  enable  the  use 
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of  thermoelectric  cooling  for  important  applications  which  arc  currently  beyond  the  accessible 
temperature  range  for  thermoelectric  materials  such  as  high  temperature  superconductor  devices. 
The  increase  in  efficiency  would  also  be  of  great  benefit  to  cooling  infrared  detector  and  night 
vision  equipment  which  arc  battery  powered. 

Enhanced  thermoelectric  properties  have  been  recently  reported  in  the  quantum  well  layers  of 
PbTe/Pb,.^Eu,Te  multilayer  samples  synthesized  by  molecular  beam  epitaxy However,  to  make 
thermoelectric  multilayer  materids  commercially  viable,  it  is  essential  to  extend  the  MBE  work  and 
grow  structures  with  a  high  Z  by  established  high  deposition  rate  techniques.  The  expertise 
necessary  to  grow  such  materials  by  sputter  deposition  has  been  developed  at  Lawrence  Livermore 
National  Laboratory  through  extensive  work  on  multilayer  x-ray  optics  and  other  novel  multilayer 
materials.’  ®  At  LLNL,  we  apply  this  multilayer  sputter  deposition  technolo^  to  demonstrate  the 
effectiveness  of  magnetron  sputtering  to  synthesize  thermoelectric  multilayer  materials  with 
potential  for  2D  quantum  well  behavior.  The  ability  to  synthesize  state-of-the-art  thermoelectric 
materials  in  thin  film  form  is  essential  to  using  thin  film  technology  to  engineer  the  properties  of 
these  materials.  We  thus  begin  our  work  by  focusing  on  the  understanding  and  control  of  the 
composition  and  structure  of  thin  films  of  the  individual  materials  needed  for  the  well  and  barrier  in 
the  multilayer  sample.  We  present  parallel  work  on  two  families  of  semiconductor  materials  which 
are  good  candidates  for  aetdeving  improved  ZT  through  quantum  confinement  in  multilayer  films. 
One  system  is  based  on  the  good  thermoelectric  material  lead  telluride,  PbTe,  where  a  compatible 
barrier  material,  necessary  for  making  quantum  well  structures,  can  be  made  by  the  partial 
substitution  of  Eu  for  Pb  which  widens  the  bandgap.  The  other  system  considered  here  is  the 
bismuth  telluride  solid  solution  with  antimony  and  selenium,  (Bi,.,Sb^)i(Te,.ySey)3,  which  is 
presently  the  best  room  temperature  thermoelectric  material.  In  this  system  the  bandgap  can  be 
widened  to  form  barrier  material  for  quantum  well  structures  by  changing  the  ratios  of  the 
constituent  materials. 

EXPERIMENTAL  PROCEDURE 

We  synthesized  all  the  films  for  these  experiments  using  magnetron  sputtering.  The  sputter 
system  is  cryogenically  pumped  and  achieves  base  pressures  of  approximately  1x10’’  torr  prior  to 
sputtering.  Substrates  are  mounted  on  an  electrically-isolated  heated  stage  which  rotates  below  two 
or  more  magnetron  sputtering  guns.  The  sputter  sources  arc  usually  operated  at  an  Ar  pressure 
around  16  millitorr  at  a  power  of  10  W  giving  deposition  rates  of  about  5  A/s  directly  under  the 
gun.  Multilayer  samples  arc  synthesized  by  alternately  positioning  the  substrates  under  the  two 
magnetron  sputter  sources.  Single-layer  films  arc  made  by  positioning  the  substrate  directly  below 
a  single  source.  Sample  doping  is  achieved  by  periodically  passing  a  growing  film  under  a  second 
magnetron  source  sputtering  dopant  material  at  a  low  rate.  A  computer  controls  the  position  and 
slew  rate  of  the  stage,  as  well  as  the  power  to  the  sputter  sources,  allowing  automated  deposition 
of  complex  layered  structures.  Temperature,  gas  pressure,  and  gun  parameters  arc  logged  by  the 
computer  during  the  deposition. 

Shields  arc  mounted  around  the  guns  to  reduce  cross  contamination  between  the  sputter 
sources.  These  shields  are  heated  to  form  a  hot  walled  environment  around  the  deposition  area 
which  serves  two  purposes.  First,  it  helps  maintain  the  substrate  temperature  at  the  deposition 
temperature,  which  is  important  for  thin  mica  or  kapton  substrates  which  arc  in  radiative 
equilibrium  with  their  surroundings.  Second,  re-evaporation  of  Tc  from  these  hot  surfaces 
maintains  an  overpressure  of  this  high  vapor  pressure  elenoent  above  the  substrate.  The 
combination  of  the  hot  wall  technique  and  excess  Te  incorporated  in  the  target  is  required  for  the 
growth  of  stoichiometric  films. 

RESULTS 

This  section  presents  the  results  from  investigation  of  the  single-layer  and  multilayer  films  of 
two  families  of  thermoelectric  materials.  High  quality  single-layer  films  must  be  synthesized  and 
understood  in  order  to  effectively  fabricate  multilayer  films.  Therefore,  we  first  present  woric  on 
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Figure  1:  X-ray  diffraction  scans,  a)  (Bio25Sbo,7s)2Te3  film  on  mica  showing  strong  c  axis  orientation,  b)  PbTe  film 
on  mica  showing  a  well  textured  (111)  film,  c)  (Bio.25Sbo.75)2Te3  film  on  glass  showing  strong  c  axis  orientation,  d) 
PbTe  film  on  glass  showing  random  texture.  Mica  substrate  reflections  are  labeled  m. 

control  of  growth  morphology  and  electrical  quality  of  PbTe  and  (Bij.^Sbj2(Te,.ySey)3  single-layer 
films.  Then,  preliminary  results  are  presented  for  the  PbTe/Pb,.^EUj^Te  multilayer  system,  and  our 
success  with  the  synthesis  of  compositionally  modulated  (Bij.jSb^)2(Te,.ySey)3  multilayers. 

Control  of  growth  morphology  for  single-laver  films 

Single-layer  film  growth  morphology  is  critical  to  the  subsequent  growth  of  two  component 
multilayer  films.  It  is  important  that  growth  be  controlled  in  such  a  way  as  to  maintain  a  planar 
growth  surface  since  growth  topography  dictates  both  interfacial  and  quantum  well  layer  quality  in 
multilayer  films.  Increasing  growth  temperature  was  found  to  improve  electrical  properties  in  both 
systems  considered  here  as  long  as  stoichiometry  was  maintained.  Above  an  optim^  temperature, 
however,  surface  morphology  was  observed  to  degrade.  Increased  surface  mobility  at  high 
temperatures  leads  to  faceting  of  individual  grains.  This  was  found  to  be  a  limiting  problem  in  the 
(Bii.,Sbj2(Tei.ySey)3  system  where  occasional  misoriented  grains  quickly  grew  into  large  platelets 
at  high  temperatures.’  Surface  grooving  along  grain  boundaries  is  ^so  observed  in  films  grown  at 
high  temperatures.  Not  only  does  the  temperature  affect  crystal  growth,  it  also  has  a  strong  effect 
on  nucleation  of  the  films.  At  low  deposition  temperatures,  a  large  number  of  small  grains  nucleate 
and  films  are  observed  to  grow  with  a  fine-grained  columnar  crystal  structure.  Films  grown  at 
higher  temperatures  have  higher  atomic  surface  mobility  and  are  observed  to  have  a  larger  grain 
size.  Increasing  the  temperature  even  more  led  to  degradation  of  the  crystallographic  texture. 

In  both  material  systems,  it  was  found  that  the  optimal  growth  sequence  was  to  nucleate  the 
films  at  a  temperature  below  that  used  for  growth.  For  PbTe,  smooth  well  oriented  films  were 
nucleated  at  a  temperature  of  250®C  and  then  the  temperature  was  raised  to  315°C  during  growth. 
Higher  temperatures  were  found  to  work  best  for  (Bij.^Sbj2(Te,.ySey)3  with  nucleation  at  350°C 
and  growth  at  380°C. 
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use 

material 

thickness 

Seeb. 

resistivity 

thermal 

conductivity 

zrr 

Hall 

mobility 

U 

10‘^flcm 

W/cm*K 

cmWscc 

reference 

PbTe 

1.5 

0.02 

1600 

well 

PbTe 

1 

-125 

1.25 

1 

mm 

320 

Bio.sSbijTe2.9Seo, 

bulk 

220 

0.014 

1.0 

300 

well 

Bio  jSb,  jTej 

0.88 

118 

0.53 

1 

0.56 

130 

barrier 

Bio.jSbo.jTe,  jSe,  j 

0.56 

210 

5.3 

t 

0.18 

37 

multilayer 

(Bi|-«Sbj2(Tc,.ySey)j 

0.7 

140 

1.4 

1 

0.30 

50 

Table  1 :  Measured  electrical  properties  of  single  layer  and  multilayer  films.  State  of  the  art  bulk  values  are  also  listed 
as  a  reference  for  comparison  with  measured  values  of  the  films.  The  thermal  conductivity  used  for  calculation  of  ZT 
was  that  of  the  bulk.  This  is  only  a  rough  guide  in  the  (Bi,.,Sb,)j(Tei.ySe,)3  system  since  the  thermal  conductivity  will 
depend  on  the  composition  as  well  as  doping  levels. 

Films  were  grown  on  BaFj,  Mica,  glass,  silicon  nitride  and  kapton  substrates.  Those 
deposited  on  freshly  cleaved  (111)  BaFj  and  Mica  under  these  conditions  have  a  mirror  like 
surface.  SEM  investigation  at  30,000X  showed  a  flat  featureless  surface  on  these  specular  films 
only  occasionally  interrupted  by  a  misaligned  grain.  X-ray  diffraction  on  the  specular  films  shows 
they  are  well  oriented.  Bi2Te3  has  a  rhombehedral  structure  related  to  that  of  Bi,  and  is  conqxised 
of  planes  of  Bi  and  Te  atoms.”  As  shown  in  Figure  la,  films  are  found  to  grow  along  the  c 
direction  (with  respect  to  the  hexagonal  representation  of  the  structure).  The  inplane  crystal 
structure  of  films  grown  on  mica  was  found  by  plan  view  TEM  electron  diffraction  to  be  a  mosaic 
single  crystal.  Conversely,  Figure  lb  shows  PbTe  which  has  the  NaCl  structure  grows  with  a 
strong  (111)  texture.  While  BaFj  is  a  good  choice  for  a  substrate  being  nearly  lattice  matched  with 
both  films,  we  show  here  that  excellent  growth  morphology  can  also  be  achieved  on  mica.  Mica  is 
a  good  substrate  for  our  thermoelectric  investigations  since  it  cleaves  into  large  atomically  smooth 
surfaces  with  hexagonal  symmetry  and  is  much  easier  to  work  with  than  BaFj.  It  also  makes  a 
good  substrate  for  device  work  since  it  can  be  cleaved  into  very  thin  sheets.  This  is  important  for 
thin  film  devices  since  thermal  conduction  in  the  substrate  degrades  device  performance.^ 

Growth  of  oriented  films  on  the  amorphous  substrates  was  more  difficult.  As  shown  in  Figure 
Ic,  oriented  growth  has  been  achieved  in  the  (Bi,.,Sb,)j(Te,.ySCy)3  system.  However  for  PbTe 
films  grown  on  amorphous  substrates,  the  x-ray  diffraction  shows  a  nearly  random  orientation  of 
the  film  (Figure  Id).  The  differing  growth  rates  of  the  different  crystalline  orientations  then  cause 
the  surface  to  become  faceted  and  rough  at  deposition  temperatures  required  to  achieve  the  best 
thermoelectric  performance. 

Electrical  properties 

Doping  is  a  critical  issue  for  electrical  performance  in  semiconductor  thermoelectric  materials. 
For  both  of  these  materials  Te  tends  to  re-evaporate  from  the  surface  during  growth  so  maintaining 
an  excess  supply  of  Te  to  the  growth  surface  is  critical  in  achieving  stoichiometry.  The  measured 
Seebeck  coefficient  and  resistivity  of  otherwise  undoped  films  is  a  powerful  method  fcM-  monitoring 
the  stoichiometry  since  excess  of  either  component  in  compound  semiconductors  will  act  as  a 
dopant.  (Bio  2jSbo73)2Tc3  films  were  found  to  be  p-type  showing  that  they  were  always  slightly  Te 
deficient  despite  the  excess  Te.  Changing  the  Te  overpressure  by  changing  the  teiiq)erature  of  the 
shields  around  the  guns,  however,  was  used  as  a  means  of  controlling  the  doping  level. 

Undoped  PbTe  films  were  of  very  high  resistivity  and  either  n  or  p*type  depending  on  exact 
growth  conditions,  demonstrating  good  stoichiometry.  To  optimize  the  thermoelectric  properties  of 
PbTe,  a  small  amount  of  Bi  was  added  to  the  film  during  deposition  by  occasionally  sweeping  the 
growing  film  under  a  second  sputtering  gun  which  was  depositing  Bi  at  a  low  rate.  With  Bi 
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Figure  2:  X-ray  diffraction  of  a  series  of 
Bio  jSbi  jTej/Bio.sSbi  jTei  jSei  5  multilayer  films  of 
varying  thickness.  TTie  mica  substrate  peak  is  labeled  m. 
The  central  peak  is  the  films  (0,0,15)  peak  w^ith 
multilayer  satellite  peaks  on  either  side. 


Figure  3:  Bright  field  TEM  micrograph  of  the  140A 
period  BiosSb,  5Te3/Bi(,5Sb,  sTe,  sSe,  j  multilayer 
film.  Diffraction  contrast  with  a  Fresnel  defocus 
condition  clearly  shows  the  layering. 


doping,  the  film  resistivity  dropped  by  about  three  orders  of  magnitude  and  showed  consistent  n 
type  conductivity.  Although  the  doping  was  introduced  in  a  periodic  very  thin  layer,  there  is  no 
evidence  it  did  not  diffuse  uniformly  into  the  film  either  by  segregation  at  Ae  growth  surface  or  by 
bulk  diffusion. 

Table  1  lists  values  for  the  electrical  properties  of  single  layer  films  measured  at  room 
temperature.  Care  was  taken  to  use  insulating  substrates  and  AC  measurement  techniques  while 
making  these  measurements  as  previously  reported*®.  Preliminary  results  from  in-plane  thermal 
conductivity  measurements  of  these  thin  films  indicate  that  for  PbTe  films  the  thermal  conductivity 
is  very  close  to  that  of  the  bulk.  For  (Big  jjSbg  75)2X63,  however,  the  thermal  conductivity  in  the 
thin  film  samples  measured  was  higher  than  reported  for  optimized  bulk  material,  presumably  as  a 
result  of  the  very  high  doping  level  in  the  particular  samples  investigated.  For  this  reason,  bulk 
values  of  the  thermal  conductivity  will  be  assumed  in  calculating  the  dimensionless  figure  of  merit 
in  Table  1  until  these  results  can  be  confirmed. 


Multilayer  systems 

Having  achieved  the  desired  growth  surface  in  single  layer  PbTe  films,  an  effort  was  made  to 
grow  PbTe/Pb,.^Eu,Te  multilayer  films.  Unfortunately,  only  weak  evidence  for  multilayer 
structure  was  found  by  x-ray  diffraction  in  these  films.  TWs  has  been  attributed  to  oxidation  of  the 
Eu  which  is  thought  to  have  occurred  during  preparation  of  the  sputter  target  by  powder 
processing. 

In  the  (Bij.^SbJjCTei.ySe^j  system,  we  have  achieved  considerable  success  in  growing 
multilayer  structures  by  varying  the  Te:Se  ratio  between  layers.  It  was  thought  that  by  exchanging 
Se  for  Te  in  this  solid  solution  the  bandgap  could  be  widened  to  form  a  barrier  material  for  a 
thermoelectric  quantum  well  structure.  Multilayer  structures  have  been  grown  using  the  optimum 
deposition  parameters  determined  from  the  single-layer  experiments  discussed  earlier.  Satellite 
peaks  in  the  high  angle  x-ray  diffraction  patterns  (Figure  2)  show  that  multilayer  materials  have 
been  grown  with  evidence  of  periodicity  in  structures  with  bilayer  repeat  lengths  as  small  as  32A. 
In  Figure  3,  TEM  of  a  140 A  bilayer  repeat  length  film  shows  clear  layering  with  approximately 
equal  layer  thickness.  These  results  show  that  it  is  possible  to  grow  multilayer  structures  in  the 
(Bi,.^Sb^)2(Te,.ySey)3  system  by  magnetron  sputtering  and  that  they  are  stable  at  the  temperatures 
which  have  been  determined  necessary  to  grow  optimal  electrical  quality  films. 
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DISCUSSION 

For  single  layer  films,  the  dimensionless  figure  of  merit  of  sputter  deposited  films  is  below 
that  of  optimum  bulk  material.  This  difference  is  a  result  of  additional  charge  carrier  scattering  in 
these  thin  films  as  can  be  seen  from  Hall  mobility  measurements  shown  in  Table  1.  Charge  carrier 
scattering  either  firom  impurities  or  from  matrix  or  dopant  atoms  on  the  wrong  site  arc  thought  to  be 
the  cause  of  the  reduced  mobility.  Considerable  improvement  in  the  figure  of  merit  is  expected  by 
the  reduction  in  chamber  background  pressure  during  deposition,  which  is  caused  by  outgasing 
from  the  heated  shield  assemblies. 

In  Table  1  the  electrical  properties  of  the  (Bi,,,Sb,)2(Te,.ySCy)j  multilayer  films  are  listed 
besides  those  of  the  single  layer  films.  The  failure  to  achieve  enhancement  in  the  dimensionless 
figure  of  merit  in  these  films  can  be  attributed  to  insufficient  barrier  height  of  the  barrier  material. 
Infrared  spectroscopy  has  been  used  to  examine  barrier  height  in  these  materials  and  little 
difference  between  proposed  barrier  and  well  materials  is  observed.  Results  of  our  IR  investigation 
are  difficult  to  interpret,  however,  because  of  high  doping  levels  combined  with  interference 
fringes  in  these  thin  films. 

Although  the  barrier  composition  chosen  in  the  work  to  date  is  not  adequate  to  produce 
quantum  confinement  it  is  possible  that  by  changing  the  composition  a  wider  bandgap  material  can 
be  found.  Several  other  elements  also  form  limited  solid  solutions  with  this  system  and  are 
potential  candidates  as  barrier  materials. 

CONCLUSIONS 

The  conditions  for  the  growth  of  PbTe  and  (Bi,.,Sb,)2(Te,.ySey)3  thermoelectric  thin  films  by 
magnetron  sputtering  have  been  optimized.  By  nucleating  the  film  at  a  temperature  below  the 
growth  temperature,  smooth  well  oriented  films  have  been  grown  on  both  BaFj  and  mica. 
Structures  with  the  appropriate  dimensions  for  quantum  confmement  have  been  fabricated  from 
thermoelectric  materials  using  sputtering.  These  structures  have  been  shown  to  be  stable  at 
deposition  temperatures  necessary  to  grow  high  quality  materials.  In  order  to  achieve  quantum 
confinement  in  the  (Bi,.,Sb,)2(Te,  Se system,  higher  bandgap  barrier  materials  are  needed 
which  are  compatible  with  the  gro\m  of  quality  thin  film  thermoelectric  materials  developed  here. 
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ABSTRACT 

We  have  used  a  two-dimensional  charge  transport  model  to  study  edge  effects  in 
photorefractive  thin  films.  Our  result  shows  that  in  addition  to  the  bulk  space  charges,  the 
large  surface  charges  near  the  edges  make  a  significant  contribution  to  the  space  charge 
field.  Quadratic  electro-optic  material  were  used  as  an  example  to  study  the  surface-ch^ge- 
layer-field  quantitatively.  The  conditions  for  the  device  performance  be  dominated  by  either 
surface  charge  or  bulk  trap  charges  are  clearly  demonstrated  . 

INTRODUCTION 

Transverse-applied-field  thin  film  photorefractive  gratings  have  been  studied 
extensively  in  both  the  transmission  and  reflection  geometry  [1-4].  Typically,  one¬ 
dimensional  transport  equations  are  used  to  calculate  the  space  charge  field  [1,5,6]. 
However,  the  thin  film  devices  such  as  multiple  quantum  well  structures,  very  often  may 
be  operated  with  a  fringe  spacing  much  larger  than  the  film  thickness.  This  requires  a  two 
dimensional  charge  transport  model  to  fully  understand  the  device  characteristics.  For  the 
transverse  geometry,  Aguilar,  et.al.  recently  studied  the  impact  of  thin  film  edge  effects  on 
the  initial  photorefractive  recording  rate  within  the  short  time  approximation  and  their  result 
exhibited  the  important  role  of  the  vertical  field  components  introduced  by  edge  effects  of 
the  material  [7].  However,  their  theory  is  limited  to  an  initially  short  time  period  and  no 
information  about  the  steady  state  was  obtained.  In  this  paper,  a  model  is  developed  for  the 
charge  transport  in  which  the  two  dimensional  nature  of  the  device  is  explored.  Our  result 
indicates  the  presence  of  a  large  surface  charge  layer  near  the  boundary  causing  the  several 
key  figures  of  merits  of  the  device,  such  as  the  trap  limiting  field,  to  have  different  physical 
meanings  from  that  of  the  bulk  case. 


THEORY 


Consider  two  plane  waves  I^  and  1^  intersecting  in  a  photorefractive  thin  film  in  the 
transverse  geometry  in  which  both  of  the  external  electric  field  Eg  and  the  wave  grating 
vector  K  are  along  x  direction  which  is  in  parallel  to  the  film  plane.  Starting  from  the 
standard  charge  transport  rate  equations  for  one  photocarriers,  we  have  [5] 

?-^  =  (sI+|3XND-Ni>)-YnNi,  (1) 

dt 


dn  V.J  _  3Nj) 

at  ®  ”  at 

J  =  ennE  +  [ikBlVn 

V.E  =  -^n-Ni,  +  NA) 

Jy=0,  for  y=d^ 


(2) 

(3) 

(4) 

(5) 
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where  I(x)  =  [I  +  m  cos(Kx)]  is  the  fringe  pattern,  + 1,  is  the  total  optica]  intensity, 
m  is  the  modulation  index,  N‘q  is  the  density  of  ionized  donors,  is  the  density  of 

shallow  acceptors,  n  is  the  density  of  free  electrons,  y  is  the  electron  recombination 

constant  for  donors,  J  is  the  current  density,  E  is  the  total  electric  field,  ^  is  the  electron 
mobility,  and  the  photovoltaic  effect  is  assumed  to  be  zero.  The  boundary  condition  Eq.(5) 
assumes  that  there  is  no  current  flow  perpendicular  to  the  grating  at  the  edges. 

Within  the  small  modulation  approximation,  the  solution  of  the  rate  equations  takes 
the  form 

(  "  ]  =  (  "®  "I  ] 

\%  I  \Nbo/  \Nb, /.  (6) 

It  is  easy  to  show  that  the  zero  order  solution  remain  the  same  as  the  bulk  case  while  the 
first-order  solutions  compose  of  three  terms. 

n  I  =na+2nbCosh(gKy  )+2ncSinh(gKy  (7) 

Nbi=Na+2NbCosh(gKy)+2NcSinh(gKy)^  (g) 

where  n,  and  N.  are  the  solutions  for  the  bulk  case  and 


g  /  (iCD-irEe+rpe+rRe+rdieKiaHrieHrReCfdic-ne) 

V  (iaM'rie)rDe  (9) 

The  rates  in  the  above  expression  is  given  in  Ref.  5. 

In  order  to  get  the  analytic  expression  for  the  first-order  solutions,  the  relation 
between  the  first  harmonics  of  the  space  charge  density  and  the  space  charge  field  is 
required.  In  the  bulk  case,  Poisson’s  equation  is  easily  solved  since  the  gradient  operator 
can  simply  be  replaced  by  iK.  However,  the  situaticMi  here  becomes  much  more 
complicate  when  the  two-dimensional  nature  of  thin  film  devices  is  included.  The  first 
harmonic  of  the  potential  for  the  space  charge  densities  of  Eq.(8)  is  given  by 

<|)i  =  (|>a-H|>b  (10) 

where 

'l'.  =  -^l-cosh(Ky)e-8) 

(11) 

•  !^)cosh(Ky)  -  -f-<osh(gKy)) 

K^eoE  g-1  g+1  (g2-l)  (12) 

e  is  dielectric  constant,  and  6  is  defined  as 


;-KL 

2  . 


(13) 


Applying  Eq.(lO)  to  the  boundary  conditions  Eq.(5),  we  get 
Na  o  gsinh(gS)  TDe(ittH-rie)  1  ...esS  e-gg. 
Nb  sinh(6)^  fRer,.  ’g^-l^'Vl'g^l^ 


STEADY  STATE  SURFACJE  CHARGE  LAYERS 

Many  of  the  experiments  in  transverse  geometry  have  been  performed  under  the 
steady  state  conditions.  Therefore,  only  the  steady  state  solution  is  considered  in  detail 

here.  Taking  o)  =  0  for  Eq.  (14)  gives 


Na 

Nb 


=  2gea  =2ge5 

sinh(5)  ^  g^-l  S+1 


sinh(g5)  -iEp  i  ^  .eg^ 
sinh(5)  ^  g^-1 


where  the  relevant  parameters  above  are  given  in  TABLE  I. 


(15) 


TABLE  I.  The  parameters  for  the  steady  state 


Ht'-t 

E,- 

Trap-limited-field  for  bulk  £EoK 

p  _ 

Diffusion  field  ^  e 

j,j^„Na(Nd-Na) 
Effective-trap-density  Nd 

“fBT 

Debye  Length  V  e^Np 

Trap-limited-field  for  thin  film  2eeo 

The  Nj,  term  in  Eq.  (8)  is  truly  a  surface  charge  term  because  its  space  charge  is 
concentrated  within  a  small  thickness  AL,  defined  as 

ho=J  M 
1  /  V  e^Nx 


AL 


,  for  Eq  «  Eq 


keT 


,  for  Eq  »  Eq 


eEoK  ‘  ^  (16) 

where  Lj,  is  the  Debye  screening  length.  When  the  applied  field  Eq  is  much  smaller  than  the 
bulk  trap  limiting  field  E^,  AL  is  equal  to  the  Debye  screening  length  and  is  independent  of 
both  the  fringe  spacing  and  applied  field.  For  an  effective  trap  density  of  lO'Vcm^  in 
GaAs/AlGaAs  multiple  quantum  wells,  AL  has  a  value  of  0.04  p.m,  which  is  very  small 

and  is  only  a  small  percent  of  the  sample  thickness  devices  (a  few  p,m)  [1].  Therefore,  this 
can  be  said  to  be  a  true  surface  charge  layer. 


PHOTOREFRACTIVE  GRATINGS 


The  calculation  of  the  pHotorefractive  grating  from  the  space  charge  field  can  be 
quite  complicated  if  both  linear  electro-optic  and  nonlinear  band  edge  electro-optic  effects 
are  included  [8],  The  linear  electro-optic  coefficient  can  be  significantly  different  from  its 
bulk  value  due  to  the  elasto-optic  effect.  Here,  a  simple  situation  is  considered,  where  the 
linear  electro-optic  effect  is  negligible  compared  with  the  quadratic  Franz-Keldysh  effect 
[1].  This  is  used  to  illustrate  the  impact  of  edge  effects  on  the  photorefractive  grating. 
Under  such  a  condition,  the  photorefractive  grating  is  proportional  to  the  square  of  the  total 
electric  field,  which  implies  that  only  the  cross  product  term  between  the  applied  field  and 
E^  contributes  to  the  first  harmonic  of  the  dielectric  grating.  Consider  the  average  value  of 
E^  over  the  y-direction  inside  the  thin  film.  Combining  the  contributions  from  both  and 
Nb,  gives 

P  ^  mCEp-biEd)  l-exp(-KL)  _ j _ l-exp(-KL)  2  ni 

-■(l,iE^)^^-  KL  j^(:i^)(_^)^l/  KL  -g(g.l)KLJ^ 

^  sinh(6)  Eqo  g+1 


(17) 
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The  first  tenii  in  the  brackets  corresponds  to  the  contribution  from  the  bulk  space 
charge  density  and  it  is  proportional  to  a  geometry  function  f(KL) 

(.8) 

From  Eq.(17),  we  can  see  the  transition  between  the  two-dimensional  case  and  the  three- 
dimensional  case  as  KL  becomes  large.  The  second  term  in  Eq.(17)  comes  from  the 
surface  charge.  In  the  small  K  limit,  it  reaches  the  value 


( 


+  1) 


(19) 


Where  is  given  by  TABLE  I.  Also  notable  is  that  E^  is  independent  of  K,  which  is  the 
result  of  the  two  dimensional  nature  of  the  device  and  has  a  totally  different  physical 
meaning  from  that  of  the  bulk  case.  In  the  large  K  limit  Eq.  (17)  gives  the  result  for  the 
bulk  case,  as  expected. 

Numerical  studies  have  been  done  of  the  space  charge  field  as  a  function  of  fringe 
spacing  when  the  applied  field  is  much  less  than  E^.  The  results  are  shown  in  Figure  1 . 

For  large  A,  the  contribution  from  bulk  charge  is  negligible  and  the  surface  charge 
dominates  the  device  behavior.  The  transition  in  dimensionality  of  the  device  can  be  clearly 


seen  as  A  increases. 
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FIG.  1  Space  charge  Held  as  function  of  fringe  spacing.  The  contribution  from  bulk  charge  is  negligible  for 
large  A.  The  transition  of  the  dimensionality  of  the  device  can  be  clearly  seen  as  A  increases.  E,^  denotes 
the  solution  for  one  dimension  transport  model. 

For  an  applied  field  Eg  up  to  around  E^,  the  field  dependence  of  the  space  charge 
field  is  shown  in  Figure  2.  The  experimental  apparent  trsq)  limited  field  here  is  actually  E.0 


476 


instead  of  and  the  contribution  from  surface  charge  is  reduced  significantly  by  a  high 
applied  field. 


0.0  5.0  10.0  15.0  20.0  25.0  30.0  35.0  40.0 


E„/E  „ 

0  q  0 


FIG.  2  Space  charge  field  as  a  function  of  applied  field  for  a  fixed  fringe  spacing.  Notice  the  apparent  trap 
limited  behavior  is  observed  when  Eo  is  much  less  than  E^.  If  the  effective  trap  density  is  small,  the 
contribution  from  bulk  charge  may  become  important  when  the  device  is  trap  limited  by  E^q. 


CONCLUSION 

It  has  been  shown  that  the  photoinduced  charge  density  inside  the  film  is  uniform 
except  to  within  a  few  Debye  lengths  of  the  surface  and  this  surface  charge  layer  rnay 
dominate  the  device  performance.  The  space  charge  field  within  thin  film  photorefractive 
devices  has  distinct  features  in  both  the  large  applied  electric  field  limit  and  the  small  K 
limit.  It  is  also  an  illustration  of  the  importance  of  the  boundary  conditions  and  the  need  for 
more  work  to  fully  explore  the  rich  practical  meaning  associated  with  the  surface  charges. 
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